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ABSTRACT 
 
SURFACE AND INTERFACIAL DESIGN AND CONTROL OF HIGH 
PERFORMING THERMOPLASTICS: POLYSULFONES AND BEYOND 
by Katrina Marie Knauer 
May 2016 
The study of a class of materials almost always begins with the development of an 
understanding of properties in the bulk state. However, it is the study of surface critical 
phenomena that has led to a number of new important insights into polymer behavior. A 
systematic understanding of physical properties in the immediate vicinity of surface and 
interfacial layers, which cannot be deduced by simple extrapolation of bulk properties, is 
of significant importance for advancements in polymer applications where the interface 
drives performance such as in membranes, coatings, drug-delivery systems, medical 
devices, and composites.  
First, the surface and interfacial modification and characterization of sulfone 
polymers will be described (Part I). Much of what exists in molecular modeling and 
experimental literature explains the behavior of flexible or modified chains. There is still 
a lack of accepted models that adequately explain chain conformation, structural 
organization, and dynamics of semi-rigid and rigid rod polymers at surfaces and 
interfaces. The purpose of this research was to investigate the environmental and 
structural parameters that determine polymer chain conformation, organization, and 
dynamics at the polymer-air interface for a series of semi-rigid and rigid rod sulfone 
polymers cast from solution. Refined models of polysulfones (and by extension semi-
 
 
iii 
 
rigid/rigid rod polymers) behavior at surfaces and interfaces were developed through 
combined experimental and simulation analysis.  
The second section of this work (Part II) will discuss the nanophase manipulation 
of polyisobutylene (PIB) based thermoplastic elastomers (TPE’s) and polyhedral 
oligomeric silsesquioxane (POSS) nanocomposites. The phase behavior and permeability 
of (PS-PIB)2-s-PAA miktoarm star terpolymers with varying volume fractions of PAA 
was investigated for potential applications as permselective TPE’s. Results of this work 
present the potential for design of novel microstructures for specific applications through 
precise control of architecture, composition, and interaction parameters of the 
components. Lastly, the rheological properties and crystallization kinetics of POSS filled 
polyphenylenesulfide (PPS) and polyetheretherketone (PEEK) nanocomposites were 
studied. The findings indicate the potential for improvements in melt viscosity and 
crystallization of high temperature thermoplastics with tailored POSS/polymer 
interactions. 
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CHAPTER I 
RESEARCH BACKGROUND 
Introduction 
 This dissertation is a compilation of research focused in two areas: 1)the surface 
and interfacial behavior of semi-rigid and rigid rod sulfone polymers and 2) the 
nanophase manipulation of high performing polyisobutylene (PIB) based thermoplastic 
elastomers (TPE’s) and polyhedral oligomeric silsesquioxane (POSS) nanocomposites.  
The unifying theme of this work is interface modification and characterization.  This 
chapter provides a description of the literature regarding solution and surface properties 
of semi-rigid and rigid rod sulfone polymers as well as a research overview for Part I.  
Sulfone Polymers 
 Polysulfone (PSU), polyethersulfone (PESU), and polyphenylsulfone (PPSU) 
represent a class of polymers containing sulfone groups and aromatic nuclei.  These 
transparent, amorphous polymers possess good optical properties, thermal and chemical 
stability, mechanical strength, and resistance to extremes of pH.3  Chain rigidity is 
derived from the relatively inflexible and immobile phenyl and SO2 groups, while 
toughness stems from the connecting ether oxygen (Figure 1.1).  Polysulfones are high 
heat thermoplastics with glass transition temperatures (Tg) in the range of 180-230°C and 
display continuous use temperatures in the 150-200°C range.4  The very good thermal 
and hydrolytic stability of these polymers makes them useful for a broad range of 
applications such as membrane supports, separation/filtration membranes, medical and 
dental devices, food service products, and aircraft interior parts.4  PSU and PESU are 
widely used ultrafiltration and microfiltration membrane materials.  Such membranes are 
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usually made by the phase inversion technique by precipitating a cast polymer solution 
with a non-solvent.  This has led to extensive studies on the behavior of unmodified and 
chemically modified PSU and PESU chains in solution,3, 5-13 however, relatively little 
work has been done to characterize the more rigid structure of polyphenylsulfone.  
 Polysulfones will be studied in this research because they will provide systems of 
similar structural family with varying degrees of rigidity, thus granting the potential for a 
fundamental understanding of both environmental and structural parameters that dictate 
surface and interfacial behavior of semi-rigid and rigid rod polymer films.  There is also 
very little information available in the literature that describes surface and interfacial 
behavior of unmodified polysulfones.  The molecular structure that provides property 
enhancement also complicates the analysis of these polymers due to their limited 
solubility and processability.  The remainder of this background will cover the 
characterization of semi-rigid and rigid rod polymers (with an emphasis on sulfone 
polymers), surface and interfacial behavior of polymer films, and molecular dynamics of 
semi-rigid and rigid rod polymers.  Only amorphous polymer systems will be reviewed. 
 
Figure 1.1. Chemical structures of a) PSU b) PESU c) and PPSU. 
Characterization of Semi-Rigid and Rigid Rod Polysulfones 
 Doi and Edwards developed a model of chain dynamics of rod-like polymers in 
both dilute and concentrated solutions, building on the reptation model proposed by 
(A) 
(B) 
(C) 
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deGennes in 1971 (Figure 1.2).  In a dilute solution the Brownian motion of the 
molecules is determined by the viscosity of the solvent.  However, in concentrated 
solutions the rotation diffusion coefficient, Dr, becomes severely restricted by the 
presence of other chains.  This is caused by the entanglement constraint that the rods 
cannot pass through each other.  Thus, the concept of an entangled polymer in a tube 
(reptation model) holds for rods in concentrated solutions.  It was concluded that the Dr 
of the rods depends strongly on the rod length, L, and that the onset of entanglement is 
defined by a marked increase in Dr and occurs at a specific overlap concentration, c*.   
 
Figure 1.2. Schematic illustrations of (A) dilute solution and (B) concentrated solution. 
 Experimental evidence has shown several inconsistencies in applying the 
congested rigid rod theory of Doi and Edwards to real systems.  Zero and Pecora 
conducted dynamic light scattering studies of poly(γ-benzyl L-glutamate) in dilute and 
semi-dilute solutions.15  Their results show that the experimental c* is up to 2 orders of 
magnitude higher than the Doi and Edward’s theoretical c* for dilute solutions of rigid 
rod polymers.15  Zero and Pecora also observed that at a certain concentration the Dr 
becomes independent of L.  Odijk et al. proposed that such discrepancies arise from the 
slight flexibility of real polymers near the rod limit.16  
(A) (B) 
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 The aromatic groups of polysulfones rigidify the backbone and increase the 
tendency of chain extension in one direction.  Therefore, these systems demonstrate long 
persistence lengths (lp),  in the range of a few hundred angstroms, and ratios of the radius 
of gyration (Rg) to the hydrodynamic radius (Rh) greater than 2.2.
17  Polysulfones are 
expected to exhibit rod-like conformation in solution,18 however, previous studies 
reported lower values of persistence length than would be expected from the rigid nature 
of the polymer chains and the contour lengths.19  This suggests that the polymers exist as 
semi-rigid rod structures (worm-like chains) or in an aggregated state in solution.20  
Experimental evidence has shown that chain association in rod-like polymer solutions 
results in macromolecular aggregates.9 The effect of aggregation of polymer chains on 
the resulting surface structure of their films has not been fully described in the literature. 
 PSU, PESU and PPSU all undergo water sorption due to the hydrophilicity of the 
sulfone groups and water solubility is directly linked to the distribution of these 
hydrophilic sites.21  PESU has the highest concentration of sulfone moieties in the 
polymer repeat unit (Figure 1.1).  As a result of this, PESU exhibits the highest water 
absorption, the lowest solvent resistance, and the lowest resistance to hydrolysis of the 
three polysulfones.  The distribution of the hydrophilic sites at the polymer-air interface, 
and how this distribution is affected by solvent and environmental parameters is not well 
understood.   
Surface and Interfacial Behavior of Polymer Films 
 Understanding structure and dynamics of polymers at surfaces and interfaces has 
been a long-standing challenge to polymer scientists.  This is mostly due to the lack of 
techniques available that are able to specifically probe surfaces or buried interfaces.  For 
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numerous commercial applications of polymers the near-surface properties are critical to 
performance.  Properties such as chemical resistance, wettability, and tribology are 
determined by the structure within a few nanometers of the surface (Figure 1.3).  Despite 
this, surprisingly little is known about the free surface structure of most polymer systems.  
This section of the background will also reveal that most studies explain the behavior of 
flexible chains while very little information is available describing the surface and 
interfacial behavior of more rigid systems. 
 
 
Figure 1.3. 3D AFM height image of a solution cast PESU film. 
Surface Chain End Localization and Dynamics of Polymer Films. Surfaces play 
an important role in modifying the interplay of entropic and enthalpic forces that govern 
bulk polymer structure.25 Thus, amorphous polymer systems are expected to exhibit 
deviations in the segment density distribution near the surface.  Chain end localization 
can arise from minimizing the loss of the conformational entropy near an impenetrable 
boundary (Figure 1.4).25 Such chain end localization has been observed in several 
experimental and simulation studies.25-30 DeGennes1 claimed that the extent of end 
segregation to a surface (δ) is controlled by the difference between the surface tension of 
Surface Properties 
• Adhesion 
• Wettability 
• Permeability 
• Friction 
• Biocompatibility 
PESU 
Surface 
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an infinite polymer chain (γ∞) and that of the end groups (γe): δ= γ∞ - γe.  For values of δa2 
(where a is the statistical segment length) much smaller than the thermal energy (kT), the 
surface chain end concentration should equal that of the bulk.  However, when δa2/kT is 
of the order of unity, chain ends within a distance of the root-mean-square end-to-end 
distance from the surface will be localized to the surface.25  
 Chain end localization is known to decrease the Tg of amorphous polymer 
surfaces.  Zhang et al. studied the surface chain end localization in thin films of 
polystyrene.28 They claimed that the chain end localization may come from an entropic 
penalty or by the enthalpically-favored segregation of chain ends with lower surface 
energy to the surface.  The chains ends render the surface molecules more mobile which 
reduces thermodynamic driving forces for structural relaxation and lowers the Tg.  
Priestly et al. observed an increase in structural relaxation rates as a function of depth 
into a poly(methyl methacrylate) (PMMA) film via fluorescence labeling experiments.31 
The enhanced segmental mobility of the surface resulted in a reduction of 5 to 6 K in the 
Tg in a 25 nm thick layer of a 1000 nm thick PMMA film.
31 Labahn and coworkers 
studied the Tg of the surface of thin polysulfone films using dielectric relaxation.  They 
found the Tg of the surface to differ from the bulk at a depth of 10 nm into the film.
32 
Enhanced mobility of amorphous surfaces has also been observed via molecular 
dynamics simulations of a glassy polymer surface conducted by Mansfield et al.  
Simulations demonstrated an enhancement of the center-of-mass motion located 2-3 
times the RG from the free surface.
33 These studies have focused on flexible polymer 
chain end localization, and there is limited information on the surface behavior of more 
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rigid films.  There are also conflicting views on the length-scale (z-direction) of the 
surface induced effects on the dynamics of the polymer chains. 
 
Figure 1.4. Schematic of chain end segregation in amorphous polymer films according to 
the de Gennes model. The random coil conformation is perturbed in the vicinity of a 
surface or non-interacting interface (air).  To minimize the loss in conformational 
entropy, polymer chain ends may localize to the surface and thereby avoid the required 
“reflection” at the material boundary. 
 
Relationship between Polymer-Solvent Solutions and Surfaces of Polymer Films. 
Also of interest in this work is the relationship between the properties of the surface of 
polymer films and the properties of the solutions from which they were cast.  The film 
formation process is complex and many environmental effects may affect the molecular 
arrangement of the polymer chains.  Strawhecker et al. determined that the surface 
roughness of the final film of a glassy, amorphous polymer is high (≈ 50 nm) when the 
pure solvent has a high vapor pressure.34  However, this theory does not adequately 
explain behavior of certain polymer-solvent systems, like polystyrene and toluene, where 
the surface energy of the polymer is greater than that of the solvent and yet the films 
yield a smooth surface.2  DeGennes et al. developed another theory that posited that the 
outer surface of the film builds up a polymer crust that exhibits a network of fracture 
lines very much like “earth at the bottom of a drying pond” and that the evaporation 
flows of solvent should then converge towards these fracture lines, and a rough interface 
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should appear.2  Consider Figure 1.5 where b is the thickness of the polymer crust at the 
surface.  After spin coating, a polymer crust forms and then “freezes” at a certain time, t*.  
As the solvent evaporates, volume of the mesh decreases, but its horizontal dimensions 
have to remain the same. Thus, there is a tensile stress in the crust in the horizontal 
direction which leads to rupture leaving a “volcanic” like surface.2 De Gennes et al. were 
not able to predict the density of the cracks, nor the amplitude of the resultant roughness, 
but they did develop a mathematical model of the crust thickness and a crude estimate of 
the mechanical tensions.   
 
Figure 1.5. Schematic of de Gennes polymer “crust” theory.  
 
 The theory that surface properties of polymer films are dependent on the 
properties of the solutions from which they were cast has also been applied to more rigid 
polysulfones.  However, most studies were conducted on modified chains or surface 
modified materials.  The chemical modification of PSU and PESU is an area of research 
interest for obtaining precursors for functional membranes, coatings, and selectively 
permeable films.35-37 Ioan et al. have conducted several studies on PSU and PESU and 
the chemical modification of PSU chains for membrane based applications.[3, 9-12, 38]  
Their work includes extensive research on the conformational behavior in solution and 
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the experimental and theoretical results of the preferential adsorption coefficients versus 
solvent composition of quaternized PSU in mixed solvents.3  Using AFM, they studied 
the surface morphology of quaternized PSU films cast from varying dimethylformamide 
(DMF)-nonsolvent mixtures.  Their results showed that addition of methanol (MeOH) 
decreases the surface roughness of the films and increases pore number and 
characteristics (area, depth, and diameter).9  
Ioan and coworkers concluded from the results that the surface morphology of the 
polymer films depends on a number of factors.  For given compositions of the 
DMF/methanol and DMF/water solvent mixtures, one of the components was 
preferentially adsorbed by the quaternized PSU molecules in the direction of the 
thermodynamically most effective mixture, and these aspects influenced the surface 
properties of the polymer.  The quaternized PSU-solvent-nonsolvent solutions behaved as 
polyelectrolyte systems.  Polyelectrolytes in the highly charged state exist as rigid rods in 
solution. Ioan et al. observed strong chain association in these solutions that resulted in 
macromolecular aggregates which influenced the surface topology.  Our laboratory 
studied the effect of charge density, molecular weight, and solvent on the conformation 
of water-soluble polyelectrolyte chains deposited on substrates using the electrostatic 
layer-by-layer technique.  It was found that polyelectrolytes in the fully charged state in 
solution deposited in extended conformations onto the oppositely charged substrate.39  
 Most recently Ioan et al. examined the effect of the chemical structure of PSU 
with bulky phosphorus pendant groups on the surface tension parameters and surface 
morphology of the resulting films.  It was concluded that the surface morphology 
(determined via AFM imaging) of the films depend on the characteristics of the polymer 
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chains that govern the molecular arrangement of the surfaces, rheological properties of 
the solutions from which the films were prepared, and also on the surface properties.3  
Rheology studies of PSU in solution showed that the addition of phosphorous pendant 
groups led to an increase in the rigidity of the chains which was demonstrated by the 
increase in the energy barrier of flow and flow activation entropy.  The enhanced rigidity 
resulted in lower surface roughness of the polymer films as well as poorer adhesion of the 
modified PSU.  This modification of the rigidity induced different forms of entanglement 
in solution.  Entanglements in solution have been shown to influence the surface structure 
and morphology of the resulting PSU films.11 The work of Ioan et al. provides evidence 
of the importance of solution parameters on film surface but lacks a fundamental 
explanation of their conclusions and a comprehensive model explaining the observed 
behavior.  It is our goal to build on these findings with a systematic study of polysulfones 
of different chain stiffness in an attempt to gain a greater understanding of the 
solution/film relationships.    
 Surface morphology of semi-rigid and rigid-rod polymer films has also been 
investigated by our research group where AFM analysis of the surface of PPSU and 
polyphenylene films cast from solution was conducted.  AFM height images revealed that 
the two kinds of rigid polymers exhibited similar surface morphologies composed 
predominantly of homogeneous features with isolated heterogeneities, appearing as bright 
spots (Figure 1.6).19  It was observed that both homogeneous and heterogeneous features 
were not spherical, but possessed either a cylindrical or disk shape.  A possible 
explanation is that these features are nanoscopic crystallites that form on the surface 
during solution casting and are predominantly composed of low molecular weight 
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species.19 However, in order to better characterize the nature of the surface and the source 
of heterogeneities, the morphology and structure below the surface needs to be probed.  
In this work, we propose to investigate fractionated PSU, PESU, and PPSU samples with 
low molecular weight distribution.  It is expected that origin of the crystallites is cyclic 
oligomers that crystallize in solution, and it may be possible to remove the low molecular 
weight species through fractionation.  
 
Figure 1.6. AFM height images of neat polymer films: (a) PPSU (b) Polyphenylene.19  
Molecular Dynamics Simulations and Modeling of Semi-Rigid and Rigid-Rod Polymer 
Systems 
 
With the development of computational techniques, molecular dynamics (MD) 
simulation has become a very powerful tool in the study of atom-based models of 
polymeric materials.  In 1991, Mansfield and Theodorou conducted MD studies of a 
glassy polymer surface.33 Their work was the first to look at the free surface of an 
amorphous polymer in atomistic detail using MD, providing new quantitative information 
on the local structure and mobility in such a system.33 Their work utilized a newly 
developed MD computer simulation to address the molecular mobility at a glassy 
polymer surface of atactic polypropylene.  Their simulations examined several dynamic 
properties of the surface such as atomic mobility, chain center of mass motion, and rate 
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of conformational transitions.  What they found was that the free surface of the model 
glassy polymer behaved dynamically like a polymer melt.33 The simulated results of local 
atomic mobility indicated that bulk glassy dynamic behavior is only exhibited by polymer 
located more than 15 Angstroms from the surface and that this “dynamical” measure of 
the interfacial thickness is approximately twice as large as the ”static” thickness 
estimated on the basis of a density profile.33 They attributed this difference to the fact that 
segments exposed to the attenuated surface region transmit dynamical information 
through bonds into the underlying layers of the polymer. The mathematical model 
developed by Mansfield and Theodorou is currently used in simulation program 
softwares such as Materials Studio.40  
 Fan et al. developed a molecular simulation technique to generate an equilibrium, 
stress-free, amorphous aromatic PSU chain.41 The modeled amorphous structure showed 
no evidence of long-range order and the properties of the simulated structure agreed well 
with the experimental results. Potential contour maps revealed C-S linkages to be the 
most flexible and the C-C linkages to be the least flexible.41 The simulations also 
revealed that chain relaxation occurs by ring flips in certain sections of the backbone, but 
such motion is essentially forbidden around C-C linkages.  The results of the studies of 
Fan et al. demonstrated that it is possible to model structure of amorphous polymers via 
molecular simulation, even those with a complex monomeric structure like that of 
aromatic PSU. 
 Farmer and coworkers simulated the conformation of rigid rod polymer chains in 
solution via molecular dynamics in order to explain discrepancies in light scattering data 
of rigid rod systems.  A polymer is considered a rigid-rod when its persistence length is 
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longer than its contour length.  Lee et al. noted that the observed persistence lengths 
measured from light scattering in solution were considerably shorter than the actual 
contour length of the supposed rods, based on their molecular weights.42  Thus, it 
appeared that rigid-rod polymers are more flexible than might be deduced from their lack 
of conformational flexibility.42  Farmer et al. explored the nature of molecular flexibility 
of isolated poly(p-phenylene benzobisthiazole) (PBZT), poly (p-phenylene 
benzobisoxazolel) (PBO), and poly(p-phenylene) (PPP).  Their simulation results showed 
oscillations in the end-to-end distance with time that persisted longer than the 
equilibration period.20 It was concluded that these oscillations relate to the fundamental 
flexibility of the molecules and are a result of out-of-plane bending motions that lead to 
considerable deviations from linearity.20  
 Even with the MD developments of Farmer, Fan, Mansfield, and Theodorou, 
simulation studies were still not able to establish conformation, structure, and dynamic 
behavior in the presence of an interface for semi-rigid and rigid-rod systems.33  Jawalker 
et al. attempted to simulate the interface between two immiscible polymers: poly(vinyl 
pryrrolidone) (PVP) and PESU.  They utilized the amorphous cell program of Materials 
Studio that combines the use of the arc alogorithm developed by Theodorou and Suter 
and the scanning method of Merovitch.43,44  Jawalker and coworkers were successful in 
simulating the interface between the two immiscible polymers.  However, it is still 
unknown whether similar techniques can be carried out to simulate the polymer-air 
interface of rigid sulfone polymers.  Based on the review of past work, it is predicted that 
through the combination of modeling theories proposed by Mansfield, Theodorou, Suter, 
and Metrovitch and the techniques carried out by Jawalker et al. it will be possible to use 
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molecular dynamics to simulate the film formation and polymer chains at the polymer 
air-interface for sulfone polymer systems (Figure 1.7). 
 
Figure 1.7. PSU structure built in an amorphous cell in Materials Studio. 
Research Overview 
Project Rationale 
Surfaces and interfaces of polymeric materials play an important role in many 
technological applications such as lubrication, adhesion, and biomaterials.26 In order to 
design highly functionalized polymeric materials, the fundamental understanding of 
aggregation states and physical properties in the vicinity of surface and interfacial layers, 
which cannot be deduced by simple extrapolation of the bulk properties, is of pivotal 
importance as the first target. It is well established that the behaviors of polymer chains 
near the surface differ significantly from those of the bulk. However, much of what exists 
in molecular modeling and experimental literature explains the behavior of idealized, 
flexible chains. Literature still lacks an explanation of chain conformation, structural 
organization, and dynamics of semi- rigid and rigid rod polymer films at the polymer-air 
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interface. There is also sizeable debate about the effect of an air interface on the structure 
and dynamics of the polymer chains and the length scale of this surface-induced effect. 
PSU, PESU, and PPSU are high-heat, amorphous thermoplastics with the ability 
to withstand prolonged exposure to water, chemicals, and temperatures that makes them 
ideal for several applications.45 These polymers have received a considerable amount of 
attention in membrane research, medical devices, high performance composites, and 
coatings.46 Membrane applications include hemodialysis, water treatment, bio-
processing, food and beverage, and gas separation.45 Essential questions that still need to 
be answered for enhanced membrane coatings performance are: how do the structure and 
dynamics of polymer chains near the surface affect surface and interfacial properties and 
what parameters dictate the behavior of the polymer chains near a surface? Very little 
fundamental work has been reported on investigating the physical properties of 
polysulfone chains at the polymer-air interface.35, 47-49 The relationship between the 
sulfone polymer films and the solutions from which they were cast is also not well 
understood, but it is widely-known to affect the formation of the film surface.2 It is a 
possibility that this interfacial behavior holds the key to current problems in membrane 
science such as control of pore sizes, surface roughness, and fouling.13, 50 As of right now, 
these problems are typically addressed through chemical modification of the polymer 
chains. Obtaining an elementary understanding of the parameters that dictate polymer 
film formation and behavior of polymer chains near the surface has the potential to 
enable tailoring of the surface and interfaces of sulfone polymers without post-processing 
chemical modification. 
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Project Statement and Hypothesis 
The purpose of this research is to gain a fundamental understanding of the 
environmental and structural parameters that determine polymer chain conformation, 
organization, and dynamic behavior at the polymer-air interface for a series of semi-rigid 
and rigid rod polymer films cast from solution. The effect of polymer chains near the 
polymer-air interface on surface properties will also be established. Three polymers of 
the same structural family with varying degrees of chain rigidity will be studied: 
polysulfone (PSU), polyethersulfone (PESU), and polyphenylsulfone (PPSU) (Figure 
1.1). By studying this family of polymers we can deduce the role of both chain rigidity 
and chemical structure on the solution and surface phenomena, with the target of 
developing useful models. It is hypothesized that structure and dynamics of polymer 
chains near the polymer-air interface will determine surface and interfacial properties 
including morphology, roughness, hardness and tribology. It is also predicted that the 
chains that govern molecular arrangement near the surface of the polymer films will be 
highly dependent on the properties of the solutions from which they were cast. 
Project Objectives 
1. The first objective is to determine the polymer conformation and chain dynamics 
for a series of well characterized polymers in solution.  
2. The second objective is to characterize the surface properties of polymer films 
cast from solution under differing conditions and to determine the relationship 
between solution and film properties. 
3. The third objective is to determine the differences in structure and dynamic 
behavior of the polymer chains as a function of depth from the surface of the 
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polymer films into the bulk (z-direction). This objective will establish the length-
scale of the surface induced effects on the polymer chains. 
4. The final objective is to develop models of surface behavior of semi-rigid and 
rigid rod polymers films through combined experimental studies, MD 
simulations, and neutron reflectivity model fitting. This objective will determine 
if it is possible to accurately predict the behavior of the polymer chains near the 
surface and as a function of depth into the film by iterative evaluation of 
simulation and experimentally derived data. 
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CHAPTER II 
SURFACE COMPOSITION CONTROL VIA CHAIN END  
SEGREGATION IN POLYETHERSULFONE FILMS 
Abstract 
Surfaces and interfaces of polyethersulfone (PESU) materials play a crucial role 
in the overall performance of the polymer in applications such as filtration membranes, 
medical devices, and protective coatings.  This work investigates the chain end 
localization to the polymer-air interface of solution cast films of semi-rigid rod PESU 
polymers end-capped with phenol (OH) and fluorescein isothiocyanate (FITC) groups.  
PESU solutions of varying molecular weight and low distribution were characterized via 
gel permeation chromatography (GPC) as well as static and dynamic light scattering.  X-
ray photoelectron spectroscopy (XPS) and confocal laser microscopy revealed a 
preferential localization of both –OH and –FITC chain ends to the PESU-air interface.  
Scaling of the chain end concentration as a function of polymer dimensions was 
determined to differ from that of flexible chain polymers.  Surface analysis demonstrated 
that chain end chemistry could be used to tailor the nano- and macro-scale properties of 
the resulting PESU surface. 
Introduction 
Polyethersulfone (PESU) is an engineering thermoplastic that is characterized by 
good optical properties, high thermal and chemical stability, mechanical strength, 
resistance to extreme pH values, and low creep.1  PESU is an amorphous polymer with 
chain rigidity derived from the relatively inflexible phenyl and SO2 groups and toughness 
generated by the connecting ether oxygen (Figure 2.1).2 Major applications include 
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filtration membranes, medical devices, and high performance coatings.  For such 
applications, the properties desired at the polymer surface, such as adhesion, wettability, 
gas impermeability, low coefficient of friction, or biocompatibility, are often distinct 
from the bulk properties of the material. Typically, control of PESU surface properties 
for commercial applications is achieved by surface modification through various 
chemical or physical processes, such as plasma, chemical reaction, surface grafting, or 
metal coating.3,4,5,6,7,8,9 These kinetically governed reaction mechanisms generally allow 
relatively little control over the equilibrium surface composition and structure. 
Additionally, such processes may be expensive and difficult to model. It is also important 
that surface modification processes do not result in degradation of the bulk properties of 
the polymer. 
One potential method to modify and control polymer surface properties is through 
the preferential segregation of functionalized chain-ends.  Chain end segregation is driven 
by the balance between the free energy gain associated with the surface tension reduction 
and the free energy cost of demixing from the bulk, as governed by the classical Gibbs 
adsorption isotherm.10  That is, it is energetically preferred for the lower surface energy 
component to be in contact with the zero surface energy medium such as air or vacuum.11  
In the case of an amorphous polymer, the random coil conformation is perturbed in the 
vicinity of a surface or non-interacting interface.  To minimize the loss in conformational 
entropy, polymer chains ends may localize to the surface and thereby avoid the required 
“reflection” at the material boundary.12 de Gennes has argued that the extent of chain 
end-segregation to a surface (δ) is controlled by the difference between the surface 
tension of an infinite polymer chain and that of the end-groups (δ=γ∞-γce).12-13  When the 
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ratio of δa2 (a representing the statistical segment length of the polymer) and the thermal 
energy (kT) is on the order of unity, all chain ends within a distance of 2Rg (coil diameter) 
from the surface will be localized to the surface.  For this case, the volume fraction of 
chain ends in a near surface layer of thickness d is:12-13 
       
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where N is the degree of polymerization.  Therefore, as the distance from the surface (d) 
approaches the coil diameter (2Rg), the volume fraction of chain ends will reach the bulk 
value. This has been supported by several theoretical approaches, including mean-field 
calculations, self-consistent mean-field calculations, and molecular dynamics (MD) and 
Monte Carlo simulations, which predict chain end segregation.14,11, 15,16,17,18 
Several studies have provided experimental proof of the surface segregation of 
polymer chain ends as well as the length scale of the concentration gradient that arises as 
a result of the segregation.  Fluorocarbon-terminated polystyrene (PS-F) is the most 
widely studied model system, as the fluorinated chain ends offer strong contrast with the 
polymer backbone and can drastically alter surface properties.  Combinations of neutron 
reflectivity (NR), X-ray photoelectron spectroscopy (XPS), static secondary ion mass 
spectroscopy (SSIMS), and contact angle analysis have shown that chain ends in PS-F 
systems adsorbed preferentially at the surface.19,20,21,22,23,24 Elman et al. observed surface 
enrichment of fluorinated end groups with damped, oscillatory concentration profiles 
providing best fits to NR data.21  The periodicity of the oscillations was on the order of 
the unperturbed polymer chain dimensions for polymers with fluoroalkyl end groups, 
while fluorosilane-terminated polymer showed larger periodicity, indicating that the 
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polymer backbone was extended near the air-polymer interface.  Schaub et al. 
demonstrated that the surface coverage of fluorocarbon chain ends was greater than 20% 
in thin film blends of PS and PS-F.20 Tanaka et al. reported the surface segregation of 
chain ends to the polymer-air interface in α-ω-fluoroalkyl-terminated polystyrenes with 
various molecular weights using NR and XPS.23  Model analysis of angular-dependent 
XPS (ADXPS) results revealed that the surface chain end concentration ([CE]) was 
higher than the corresponding bulk value with lower molecular weight systems showing 
the highest [CE].  Depth profiles showed a surface segregation layer of the chain end 
groups followed by a depletion layer beneath it.  Beyond the depletion layer, the bulk 
[CE] was recovered (~2Rg from the surface).  Wong et al. studied the surface 
reorganization of polystyrenes terminated with fluorsilane and carboxylic acid end groups 
using ADXPS.25  They reported a preferential segregation of chain ends to the polymer 
air interface, and suggested that the length scale for segregation was dependent on 
molecular weight and scaled roughly with the Rg.  Studies of poly(dimethysiloxane) and 
perfluoropolyether modified systems showed similar chain end surface segregation. 
 The majority of the reported experimental and theoretical studies have focused on 
the behavior of flexible, idealized chains that adopt random coil conformations.  It has 
not been established if structural constraints of a semi-rigid/rigid rod polymer backbone, 
like that of PESU, will allow conformational rearrangements similar to those of flexible 
chains and follow established models for flexible polymer chain-end segregation. The 
length scale of the concentration gradient that arises as a result of chain end segregation 
is also a matter of debate, and it is expected that chain rigidity will play a role in its 
determination.  Previous studies have demonstrated effects of chain end chemistry on the 
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macro-scale surface properties such as wettability and surface energy, while relatively 
little is known about the effects of chain end segregation on nano-scale surface properties 
of amorphous polymer surfaces.  Although PESU displays high chain rigidity, long PESU 
chains form amorphous rather than crystalline films, and thus the polymer is predicted to 
exhibit deviations from bulk segmental density distribution near the surface due to the 
localization of chain ends to the polymer-air interface. In this paper, we report the extent 
of chain end segregation to the PESU-air interface in films cast from solutions of 
polymers with narrow molecular weight distributions prepared by fractional precipitation.  
Two different chain-ends of varying size and properties were investigated: small, 
hydrophilic phenol (OH) end-groups and bulky, hydrophobic fluorescein isothiocyanate 
(FITC end-groups) (Figure 2.1).  Polymers were characterized by gel permeation 
chromatography, static and dynamic light scattering, and UV-Vis spectroscopy. Films 
were analyzed by XPS, atomic force microscopy, contact angle goniometry, and confocal 
laser microscopy. The [CE] depth profile was determined and the length scale of 
segregation was estimated and compared with that predicted by flexible-chain models. 
Experimental results were correlated with MD to explore predictability of chain end 
segregation as a function of end group structure in PESU films.  The effects of the chain 
end composition and molecular weight on nano- and macro-scale surface properties are 
also reported.  Significant differences in surface roughness, modulus, coefficient of 
friction, wettability, and surface energy were observed, indicating the potential utility of 
chain end segregation as a means of controlling surface properties of PESU films.  
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Figure 2.1. A) –OH end-capped PESU and B) –FITC end-capped PESU. 
Experimental 
Materials 
PESU was supplied by Solvay Specialty Polymers USA, L.L.C. in a white powder 
form.  The PESU chains were end-capped with functional phenol (OH) groups ranging 
from 50-200 microequivalents/g according to titration.  This polymer is commercially 
available under the trade name Virantage®PESU (Figure 2.1).  The reported tensile 
modulus for PESU is 2.7 GPa.26  Fluorescein isothiocyanate (FITC) fluorescent probes 
were obtained from Sigma-Aldrich in a sealed container and stored in a refrigerator in 
order to prevent photo-bleaching and moisture exposure.  Deuterated N-N-
dimethyformamide (d-DMF) was supplied by Sigma-Aldrich and stored is a desiccation 
chamber until use. Anhydrous DMF, anhydrous toluene, and anhydrous methanol 
(MeOH) were obtained from Sigma-Aldrich.  Anhydrous solvents were supplied in 
sealed bottles and were removed through a syringe to avoid laboratory exposure.  In each 
(A) 
(B) 
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case that a polymer solution was filtered, a Whatman polytetrafluoroethylene (PTFE) 
membrane filter (0.25µm pore size) was used. 
Sample Preparation 
Fractionation. Polymer solutions of 5 wt% PESU in DMF were prepared for 
fractionation.  PESU powder was dried in a vacuum oven at 120 °C for 1 h prior to 
dissolution.  PESU/DMF solutions were kept in an oil bath set to 25 °C in order to 
maintain the temperature during fractionation.  Solutions were slowly titrated with a non-
solvent (MeOH) until the cloud point.  Cloud point was determined to be the first point of 
turbidity that did not disappear upon stirring.  Cloudy solutions were then centrifuged and 
the precipitate (fraction) was collected.  The PESU/DMF/MeOH solutions were then 
heated to 80 °C to remove MeOH from the system.  After cooling to 25 °C the solution 
was again titrated with MeOH until the second cloud point.  This entire procedure was 
repeated until five fractions were collected.  Collected fractions were then dried in a 
convection oven at 200 °C and stored in a desiccation chamber until further analysis.  
Fractions will be referred to as F1-F5 with molecular weight decreasing in the order of 
F1>F2>F3>F4>F5. 
Synthesis of FITC End-Capped PESU. FITC labeled PESU was prepared by 
reacting the –OH chain ends of the fractionated Virantage®PESU with the isothiocyanate 
group of FITC (Scheme 2.1).  Approximately 7 g of fractionated PESU was dissolved in 
120 mL of DMF at 50 °C while stirring under nitrogen.  Upon dissolution of PESU the 
mixture was heated to 120 °C.  Once heated, approximately 14 mg of FITC (389.38 
g/mol) was added.27  An additional 50 mL DMF was added to ensure complete addition 
of FITC.  The reaction was monitored for 72 hours with thin layer chromatography 
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(TLC) and fluorescence spectroscopy (TECAN Infinite M1000PRO spectrometer).  After 
completion, the now yellow-orange polymer was purified with repeated MeOH 
precipitation cycles until all unreacted FITC was removed.  Following each rinse cycle, 
the precipitate was characterized using fluorescence spectroscopy. It was observed that 
the fluorescent signal decreased after each precipitation and eventually reached a constant 
value. When the fluorescent signal no longer decreased after washing with MeOH, it was 
determined that the unreacted FITC had been sufficiently removed, generally after four 
washes. The final product was dried in a convection oven and stored in a desiccation 
chamber until further analysis.  FITC- labeled PESU was characterized via UV-Vis 
spectroscopy (PerkinElmer Lambda 35) and carbon nuclear magnetic resonance (Bruker 
600 NMR).  For UV-Vis experiments, an average absorbance at 520 nm was calculated 
for the FITC and the labeled polymer samples in order to determine the concentration of 
attached FITC using Beer’s Law. FITC labeled PESU fractions will be referred to as 
PF1-PF3 with molecular weight decreasing in the order of PF1>PF2>PF3. 
Film Preparation. PESU films from polymers with two different chain ends (–OH and –
FITC) and three different molecular weights (using fractions F1-F3 and PF1-PF3) were 
made.  Solutions were prepared in DMF with 5 wt% polymer.  The solutions were 
applied to glass plates and placed in a vacuum oven at 30°C and an absolute pressure of 
20 kPa to prevent rapid flashing of the solvent.  The temperature was increased at a rate 
of 30 °C per hour, for five hours, until 150 °C was reached.  Pressure was gradually 
reduced each time the temperature was increased until maximum vacuum was achieved at 
around 1-2 kPa.  The films were left in a vacuum oven overnight and placed in a 
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convection oven at 200 °C for 1 h to remove remaining solvent.  Films were stored in a 
desiccation chamber until analysis. 
Methods 
Gel Permeation Chromatography. Molecular weights and molecular weight 
distributions of fractions were determined using a gel permeation chromatography (GPC) 
system equipped with a Waters Alliance 2695 separation module, an on-line multiangle 
laser light scattering (MALLS) detector operating at 690 nm (MiniDawn, Wyatt 
Technology Inc.), an interferometric refractometer (Optilab DSP, Wyatt Technology Inc.) 
operating at 65 °C, and two PLgel GPC columns (Polymer Laboratories Inc.) connected 
in series. DMF/0.02 M LiBr was used as the mobile phase at a flow rate of 0.5 mL/min. 
Sample concentrations were approximately 5-10 mg/mL in DMF, with an injection 
volume of 100 μL. Detector signals were simultaneously recorded and absolute molecular 
weights and Ɖ’s were calculated using ASTRA software (Wyatt Technology Inc.). A 
dn/dc value of 0.1774 mL/g was used for PESU in DMF as measured by a Reichert 
ARIAS 500 refractometer. 
Light Scattering. Variable-angle dynamic light scattering (DLS) and static light 
scattering (SLS) measurements were collected using incident light of 633 nm from a 
Spectra Physics Model 127 HeNe laser operating at 40 mW.  For SLS, the angular 
dependence of the autocorrelation functions was measured using a Brookhaven 
Instruments BI-200SM goniometer with an avalanche photodiode detector and TurboCorr 
correlator. The mutual diffusion coefficients (Dm) were calculated from the relation: 
               (2.2) 2qDm
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where Γ and q2 are the decay rate of the auto-correlation function and the square of the 
scalar magnitude of the scattering vector, respectively. The hydrodynamic radius (Rh) 
was then calculated from the Stokes–Einstein equation: 
         (2.3) 
where η is the solution viscosity and kB is Boltzmann’s constant. SLS measurements were 
also performed on polymer solutions using the same instrument described above. The 
angular dependence of the inverse excess scattering intensity (Iex) was analyzed via Zimm 
formalism yielding the radius of gyration (Rg) from the slope and the effective molecular 
weight of the polymer from the intercept.  The average end-to-end distance (<h>o) of 
each fraction was calculated from the measured Rg:
28 
                                          (2.4) 
PESU fractions were dissolved in DMF/0.02 M LiBr (0.001 – 0.009 g/mL solutions).  
The solutions were filtered through a 0.25 μm filter directly into scattering cells. 
X-ray Photoelectron Spectroscopy. Surface chemical composition of each film was 
examined by XPS located at the Central User Facility at the University of Alabama, 
Tuscaloosa.  The XPS spectra were obtained using a Kratos AXIS 165 multi-technique 
electron spectrometer equipped with a monochromatic (Al) X-ray source operating at 
4.0x10-7 torr, 16 kV, and 12 mA.  Films were analyzed using a pass energy of 160 eV for 
survey scans and 20 eV for high resolution scans.  High resolution scans were conducted 
for the O1s, C1s, S2P, and N1s nuclei. Scans were collected in duplicate to ensure that X-ray 
induced damage of the surface was not altering the resulting XPS spectra. A coaxial 
charge neutralizer was applied across the film during measurement to eliminate surface 
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charging.  The electron energy analyzer used was a 165 mm mean radius concentric 
hemispherical analyzer equipped with 8 channeltron detectors.  Instrument control, data 
acquisition, and data analysis were performed through the Kratos Vision 1.5 software.  
XPS spectra were analyzed using a Peak Fit v4.12 deconvoluting program. Depth profiles 
of each film were produced by combining ion bombardment with XPS analysis. A 5 keV 
ion (Ar) gun was rastered over a 1 mm x 1 mm area to etch the surface.  After each etch 
cycle (lasting 30 seconds each) an XPS scan was collected.  The etch rate was measured 
by spin coating films onto Si wafers and analyzing the surfaces using ellipsometry before 
and after each etch cycle. Ellipsometry analysis was based on an Si/SiO2/PESU model. 
The observed etch rate was approximately 10.5 nm/min. The etched surface topography 
was imaged using scanning electron microscopy (SEM).   
Confocal Laser Microscopy. Three-dimensional fluorescent images were captured 
using a Zeiss LSM 710 confocal scanning laser microscope.  An excitation of 488 nm 
was used to allow the fluorescent polymer to emit light.  Fluorescent images were 
collected at varying “slices” or depths of the FITC labeled PESU films.  The slices were 
then combined and 3D depth profiles of the FITC labeled films were generated from Zen 
Black 2011 software. 
Atomic Force Microscopy. Quantitative nano-mechanical mapping (QNM) studies 
were conducted on a Bruker Dimension Icon 3000 scanning probe microscope in tapping 
mode in a temperature (23 °C) and humidity (50%) controlled room with a standard 
Veeco RTESP silicon probe (cantilever length, 125 μm; nominal force constant, 40 N/m; 
and resonance frequency, 350 kHz). Samples were stored in a humidity- controlled 
chamber and measurements were conducted on the same day to minimize environmental 
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effects.  Height, phase, DMT modulus, and adhesion images were collected 
simultaneously. The DMT modulus and adhesive forces measured in QNM are not 
absolute measurements but are based on calibration of the instrument and are therefore 
used as a means of comparison between the different samples.  The image size ranged 
from 500 × 500 nm2 to 5 × 5 μm2, while the resolution was held constant at 512 × 512 
data points. A total of six films were analyzed: three films of varying MW (F1-F3) for 
each kind of chain end (–OH and –FITC).  At least three macroscopically separated 
segments of the film were analyzed and representative images are shown. All standard 
image processing techniques were performed using Nanoscope version 5.30 r2 image 
analysis software. 
Nanoscale relative surface friction studies were performed via AFM in lateral 
force mode (LFM) using a triangular Veeco DNP silicon nitride (Si3N4) probe with a 
nominal cantilever spring constant of 0.24 N/m on a 1 x 1 µm2 scan area. Force-distance 
curves as well as friction loops were obtained at different set points to obtain data for 
statistical analysis. In AFM nanoscale friction measurements, total normal force is the 
sum of the adhesive force (Fa), which acts between the surface and probe, and the normal 
loading force (F1) which is applied to the cantilever.
31 Friction force (Ff) was calculated 
by the average distance between the extending and retracting friction loops.  Thus, the 
relative coefficient of friction (COF, µ) is described by the following equation: 
      (2.5) 
COF was calculated based on the nominal force constant of the AFM cantilever reported 
by the supplier, which provides the relative values of surface friction rather than the 
absolute value. This approach is valid to compare the relative surface friction between 
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different surfaces as the same cantilever was used for all measurements. To verify 
reproducibility, three sets of readings were taken for each sample and an average value is 
reported. The difference between the three readings was less than 1%.  
Contact Angle Goniometry. Contact angle measurements were conducted via the sessile 
drop technique using a Rame’-Hart goniometer coupled with DROP-image data analysis 
software. The static contact angle formed by drops of HPLC grade water and 
Diidomethane (DiiM) was measured on each polymer surface immediately after 
deposition. Ten droplets of each test fluid were analyzed at different locations on each 
polymer surface to ensure an accurate representation of the surface.  A total of six films 
were analyzed: three films of varying molecular weight for each kind of chain end (–OH 
and –FITC).  The solid-vapor surface energies (γSV) of the films are calculated from the 
measured contact angles (θ) of water and DiiM on the polymer surface using the Owens-
Wendt model given by Equation 2.6.32   
       p
SV
d
SVSV              (2.6) 
The polar (γSVp) and dispersive (γSVd) components of the Owens-Wendt model are found 
by combining Good’s and Young’s equations in Equation 2.6, where the only unknowns 
are γSVd and γSVp.  The contact angles of water and DiiM on each polymer surface are 
used to solve for the polar and dispersive components of each solid surface by Equation 
2.7. 
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In the above equation γLV is the surface tension of the test fluid, and γLVp and γLVd are the 
polar and dispersive components of the test fluid.33   
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Molecular Dynamics 
Interaction energy of the PESU systems was modeled via energy calculations 
obtained through the FORCITE module of Materials Studio. Two repeat units of PESU 
tethered to the indicated chain end were constructed and layered in an amorphous cell 
with either a representative air or solvent solution. Approximate cell dimensions were 
12Å x 12Å x 30Å with exact dimensions varying to obtain realistic density values. Cells 
were minimized to their most energetically favorable state with an NVE equilibration 
step of 50.0 ps at 298.0 K using the COMPASS force field, atom based cutoffs, and a cut 
off distance of 5.0 Å. The equilibrated state was verified by observing the total energy of 
the system obtaining steady state. Total energy of the equilibrated cells containing the 
individual components (i.e. Epolymer, Esolvent, and Eair) and the equilibrated layered cells 
containing two components (Elayered) was determined from contributions of potential, 
kinetic and non-bonded energies again using the FORCITE module. Interaction energy of 
the system was determined by subtracting the total energy of the layered cell from that of 
the individual components using Equation 2.8. Values reported are the averaged 
interaction energy determined over 20 distinct repeat structures. 
    (2.8) 
Results and Discussion 
Fractionation and Solution Properties 
In order to obtain well-characterized polymer fractions with low dispersity for 
solution and film studies, fractional precipitation of commercial PESU samples was 
performed, followed by GPC and light scattering analysis as described in the 
experimental section.  Figure 2.2 presents GPC chromatograms of the PESU fractions, 
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with corresponding molecular weights and dispersity.  The GPC measurements for the as-
received commercial PESU showed an Mw of 46,800 g/mol and dispersity of 2.02.  The 
fractions showed Mw’s ranging from 13,200 to 67,900 g/mol, with Mw decreasing as a 
function of fraction number, as expected.  In general, dispersity is low (~1.2 to 1.3) in 
comparison to the unfractionated material.  The lower molecular weight fractions (F4 and 
F5) show greater inconsistency, with F4 yielding a higher dispersity and F5 showing a 
high molecular weight shoulder on the GPC trace.  These inconsistencies are attributed in 
part to the lower sensitivity of the GPC column at these low molecular weights, which 
approach the lower molecular weight limit of the GPC column, and to the difficulty in 
observing the lower molecular weight species with the light scattering detector. 
 
 
Figure 2.2. GPC curves for fractions F1-F5. Inset: Summary of Mn, Mw, and Ɖ of as-
received commercial PESU* and fractions determined by GPC curves. *GPC trace not 
shown. 
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Data from SLS and DLS experiments are summarized in Table 2.1. A 
representative Zimm plot for F1 is shown in Appendix A1.  The Mw’s determined from 
the generated Zimm plots are in good agreement with those obtained by GPC.  Due to the 
low molecular weight of F5, a good fit using the Zimm formalism could not be obtained, 
and thus no values are reported for this fraction.  The measured value of Rg and 
calculated values of <h>0 reveal information about the polymer dimensions.  The ratio ρ 
= <Rg>/Rh provides a measure of polymer conformation in solution.  Rod-like polymers 
show ratios greater than 2.2.33  The ρ values reported in Table 2.1 indicate that each 
fraction adopts a rod-like conformation when dissolved in DMF.  The ρ value increases 
with decreasing molecular weight, indicating an increase in rigidity and reduction in 
deviation from linearity as chain size decreases. 
In order to explore the effects of molecular weight and chain rigidity on film 
formation and surface properties, films were prepared from each of the fractions as 
described in the experimental section.  F4 and F5 films underwent high shrinkage, and it 
was not possible to obtain regular, smooth films.  This may be due to microscopic 
ordering induced by the shorter, stiffer chains.34  Another possibility is that lower 
molecular weight systems exhibit low entanglement density.  This would decrease the 
viscosity of the casting solution, resulting in a thinner film.  Due to the inability to obtain 
adequate films from F4 and F5, and the difficulty in characterizing the corresponding 
solutions, these fractions were not further characterized in this work.   The challenges 
presented in producing films from the two lower molecular weight fractions suggest that 
processability and suitability for common fabrication techniques may be reduced for 
lower molecular weight and lowered dispersity PESU systems.  
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Table 2.1 
Summary of SLS and DLS data for fractions F1-F4. 
Fraction Mw Rg Rh Rg/Rh <ho> 
F1 63,600 30.1 12.6 2.4 73.7 
F2 54,800 20.1 8.3 2.4 49.2 
F3 40,200 18.8 7.2 2.6 46.0 
F4 28,100 14.1 5.1 2.7 34.5 
 
Phenol Chain-End Substitution 
Functional –OH chain ends of PESU were reacted with the significantly larger, 
fluorescent, end-group FITC following the procedure described in the experimental 
section. UV-Vis spectroscopy was used to measure the grafting efficiency of FITC to the 
polymer using Beer’s Law as shown in Figure 2.3 and Table 2.2.  FITC content increases 
with decreasing polymer molecular weight.  This is attributed to the higher concentration 
of chain ends present in the lower molecular weight fractions, which increases the 
probability of collision and reaction with FITC molecules.  To ensure the 
functionalization reaction between FITC and the phenol groups occurs for the large 
molecular weight fractions, a model reaction was carried out on a low molecular weight 
PESU fraction and characterized using 13C-NMR. The resulting spectra are presented in 
Appendix A2 with the functionalized PESU spectrum showing the appearance of a new 
carbon peak at 205 ppm corresponding to the formation of the thiourethane linkage on the 
chain end. Although it was not possible to directly determine functionalization using this 
technique for the higher molecular weight polymers, we assume by extension that the 
same reaction occurred. The substitution of chain ends provides a means of comparison 
to determine the effect of altering the chain end chemistry on the surface properties of the 
resulting films.  It was predicted that the inherent properties and size of the end-group 
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could be used to alter surface properties such as roughness, friction, wettability, and 
surface energy. The fluorescent properties of FITC also served as a way to track the chain 
end location in the films. 
 
 
Figure 2.3. UV-Vis spectra of FITC, PF1, PF2, and PF3 (in DMF solution) with 
molecular weight decreasing in the order of PF1>PF2>PF3. 
 
 
 
 
Scheme 2.1. Attachment of FITC to PESU chain-end. 
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Table 2.2 
Summarized UV-Vis Data Showing Absorbance, Concentration, and FITC Content of 
PESU.  Molecular weight decreases from PF1>PF2>PF3. 
 
Sample Absorbance Concertation 
(g/mL) 
FITC Content  
(mol %) 
Conversion of 
FITC 
FITC 1.000 0.0078 -- -- 
PF1 0.141 0.0522 0.75% 38.5% 
PF2 0.157 0.0586 0.84% 43.1% 
PF3 0.170 0.0634 0.91% 46.8% 
 
Surface Segregation of Chain-ends 
XPS Surface Analysis and Depth Profiling. The surface composition of the films 
prepared from the fractionated PESU solutions was characterized using XPS which 
analyzes elemental composition in the first several nanometers (1-4 nm) of the surface.35  
XPS spectra were collected for –OH end-capped and –FITC end-capped PESU films, 
shown in Figure 2.4 and 2.5, respectively. S2p, C2s, and O1s peaks are labeled on both 
spectra, and the additional N1s peak is identified on the –FITC end-capped PESU sample 
spectrum.  Since XPS is not based on chemical shift but on the binding energy of a 
nucleus, it was necessary to identify a nucleus unique to the chain end that can be 
compared to signals from the PESU backbone.  For the –OH end-capped films, the O1s 
peaks were deconvoluted to reveal three different peaks associated with the O1s signal.  
The fitted peaks yielded an R2 value of 0.95 or greater.  These peaks appear in a binding 
energy range of 530-535 eV and are presumed to be the result of contributions from the 
sulfone oxygen of the PESU backbone, ether oxygen linkage of the PESU backbone, and 
phenol chain ends.36 High resolution scans of the O1s peak were then acquired as a 
function of depth into the film obtained by exposing different layers of the films by ion 
gun etching (Figure 2.4 c-d).  Both the as-recorded and deconvoluted –OH peaks change 
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as a function of depth, with decreases observed in the shoulder peak of the original 
spectrum and the small phenol peak in the deconvoluted spectrum, respectively.  Etch 
rate was determined by ellipsometry, as described in the experimental section. Based on 
the observed etch rate, the thickness of the etched layer is approximated as 5.3 nm, thus a 
maximum depth of 15.8 nm is estimated for Figure 2.4d.  XPS analysis of –FITC end-
capped PESU films showed similar trends to those observed for the –OH end-capped 
films.  For –FITC labeled systems the nitrogen moiety on the chain ends (N1s peak) was 
monitored as a function of depth. The survey scan of the –FITC end-capped surface is 
displayed in Figure 2.5 with the additional spectra showing the high resolution scans of 
the N1s peak after each etch of the surface. The peak location changes slightly after 
etching attributed to charge build up on the surface that was not completely neutralized.  
Upon probing deeper into the films, the nitrogen peak becomes less pronounced, 
indicative of a decrease in the concentration of the nitrogen moiety as a function of 
distance from the surface. 
The changes of the –OH and nitrogen peak as a function of depth suggest there is 
a change in the surface composition of the external layers of the films. Depth profiling by 
ion bombardment can result in significant changes to the original XPS spectrum. A 
representative SEM image of the etched surface is displayed in Appendix A3. Previous 
studies have demonstrated that, for PESU systems, the mechanism for surface layer 
removal is bond scission of the sulfone groups.37,38 Therefore, while this depth profiling 
technique is destructive to the original PESU structure, it results in the generation of 
sulfoxide groups and it is assumed that the chain end signals in the XPS spectra (i.e –OH 
and N1s) remain unaltered. Thus, the changes observed in the chain end peaks after each 
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etch cycle are attributed to the segregation of the chain ends which migrate toward the 
surface at the polymer-air interface.  Analysis of the ratio of the –OH peak intensity to 
that of a component on the polymer backbone provides further confirmation of the 
preferential surface segregation of chain ends.  Atomic ratios of –OH to the sulfone 
moiety (S2p peak) for each film were calculated and are displayed as a function of etch 
cycle in Figure 2.6a.  The chain end/backbone (CE/BB) ratio decreases as a function of 
depth, and appears to show an initial sharp drop followed by a slower decrease 
approaching a constant ratio in the bulk. In a previous study conducted by Tanaka et al. 
on chain end segregation in fluorine terminated polystyrene, a similar depletion layer in 
chain end concentration was observed just a few nanometers from the surface.23This 
trend indicates the preferential distribution of the chain ends to the polymer-air interface.  
The eventual reduction to a constant ratio occurs at a depth on the order of the Rg of the 
polymer.  This length scale is smaller than that predicted by de Gennes’ model for 
flexible chains, which is on the scale of the coil diameter (i.e. 2Rg).
13  It would be 
expected that a stiffer polymer system would have restrictions on mobility and would 
therefore have a more limited length scale available for chain-end segregation. Similar 
trends are observed for the –FITC labeled PESU, where the atomic ratios of the N1s chain 
end moiety to the sulfone backbone moiety (deconvoluted S2p peak) were determined 
(Figure 2.6b).  The S2p peak for –FITC labeled PESU spectra is deconvoluted in order to 
separate the sulfone (polymer backbone) and isothiocyanate (chain end) contribution.  
The decrease in the CE/BB ratio as a function of depth indicates the existence of a 
concentration gradient, with –FITC chain ends showing a preferential distribution to the 
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polymer-air interface, and, as observed for the –OH end-capped PESU, the chain in 
CE/BB ratio is greatest for the lowest molecular weight polymer. 
An approximate depth profile of the distribution of –OH chain ends is shown in 
Figure 2.7a. The CE/BB ratio can be converted into volume fraction via the following 
equation:11 
BBBBaveCECEave
CECECE
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        (2.9) 
where ϕave is the average volume fraction of the chain end within a given analytical depth, 
MCE is the molecular weight of the end group, ρCE is the mass density of the given chain 
end, MBB is the molecular weight of the PESU repeat unit, and ρBB is the mass density of 
the PESU backbone.   Analysis of the volume fraction of chain ends at the surface 
(ϕsurface) vs. the degree of polymerization (N) shows that ϕsurface scales roughly as N-1.5 
(Figure 2.7a inset).   This contrasts with the prediction of de Genne’s model for chain end 
segregation of a flexible polymer that states that ϕsurface scales as N-0.5.20  Thus, chain-end 
segregation in a rigid rod system shows a lower dependence on molecular weight than 
that of a flexible amorphous material. This difference is again attributed to the enhanced 
rigidity and decreased chain mobility of the PESU polymer chain, which limits the length 
scale of end group segregation.  
The volume fraction of –FITC chain ends was also calculated from Equation 2.9 
with an approximate depth profile shown in Figure 2.7b.  The ϕsurface of –FITC end-
capped chains also scales as N-1.5 (inset Figure 2.7b). It should be noted that the values of 
the CE/BB ratios are lower for the N1s/BB than for the O1s/BB because the chain-ends are 
only partially converted to FITC (Table 2.2). 
 
 
47 
 
 
Figure 2.4. XPS spectra: (A) survey scan of the –OH end-capped PESU surface showing 
an O1s peak at ≈400 eV. (B-D) deconvoluted high resolution scans of the O1s peak after 
(B) etch 1 (C) etch 2 (D) etch 3 representing a depth profile of the –OH chain end. 
 
 
Figure 2.5. XPS spectra: (A) survey scan of the –FITC end-capped PESU surface 
showing an N1s peak at ≈400 eV. (B-D) high resolution scans of the N1s peak after (B) 
etch 1 (C) etch 2 (D) etch 3 representing a depth profile of the –FITC chain end. 
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Figure 2.6.  XPS results for the atomic ratio of (A) OH and S2p (B) N1s and SO2 as a 
function of depth into the films.  Molecular weight of the films decreases in the order of 
F1>F2>F3 (OH end-capped films) and PF1>PF2>PF3 (FITC end-capped films).  The 
first measurements (etch cycle of ‘0’) are from the original unetched surface with 
subsequent measurements taken as a function of depth (etch cycle). 
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Figure 2.7. (A) Average volume fraction (ϕave) of –OH chain ends as a function of depth 
(inset: surface volume fraction (ϕsurface) as a function of degree of polymerization (N)). 
(B) ϕave of FITC chain ends as a function of depth (inset: ϕsurface as a function of N. 
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Fluorescence Depth Profiling. XPS analysis provides a molecular-scale representation of 
the PESU chain end localization.  Fluorescence spectroscopy imaging allows micron-
scale evaluation of the distribution of the fluorescent FITC chain ends in the PESU film.  
The resulting 3-D depth profile of a ~50 µm thick FITC labeled film obtained with 
confocal laser microscopy (Appendix A4).  While the entire film provided a fluorescent 
signal (blue), the intensity of the fluorescence appears the strongest near the air-interface 
of the PESU film.  This provided another indication of the preferential localization of 
FITC chain ends to the surface of the PESU film.  Near the glass substrate the signal is 
significantly diminished.  This is likely due to the hydrophobic nature of the FITC, which 
drives the chain ends away from the hydrophilic glass substrate towards the bulk of the 
film.  It was assumed that films were sufficiently thick that the substrate did not play a 
significant role on the chain end segregation to the polymer-air interface.   
Mechanism of Chain End Segregation 
Molecular Dynamics Modeling of Interaction Energies. In order to better 
understand the driving forces for chain end segregation in PESU films, molecular 
dynamics simulations were conducted.  Four amorphous cells were equilibrated: one 
containing –OH end capped PESU chains layered with DMF (Figure 2.8), another with –
OH end capped PESU chains layered with O2 and N2 (air), another with –FITC end 
capped PESU chains layered with DMF, and one with –FITC end capped PESU chains 
layered with air.  For each layered cell, a total energy was determined for the chain ends 
interacting with the indicated medium (DMF or air) as well as for the chain ends 
interacting with the PESU backbone. This interaction energy characterizes the total 
energy cost for the chain end moiety to interact with the indicated component (i.e. 
 
 
51 
 
solvent, air, or polymer backbone).  The simulated interaction energies (averaged over 20 
sample amorphous cells) are summarized in Table 2.3.  For both types of end-capped 
PESU, the calculated interaction energy was much higher for the DMF medium than for 
air (approximately 2.5 times higher).  This indicates that there is a higher energy penalty 
for the interaction of the chain ends with DMF than with air.  From this information, 
conclusions concerning the mechanism of chain end segregation can be made.  
Enthalpically, chain ends segregate towards the bulk when solvent is present due to 
favorable thermodynamic conditions. When the solvent is removed, and a free surface of 
the film has formed, chain ends spontaneously demix from the bulk and migrate towards 
the polymer-air interface in order to adopt the lowest energy conformation (entropic 
driving force).  In comparison to the polymer backbone, chain ends suffer less 
conformational entropic penalties at the polymer-air interface and behave like “floating 
buoys”.11   
The simulation results also show a lower interaction energy between the –FITC 
chain ends and air when compared with that of the –OH chain ends.  FITC is a 
hydrophobic compound and will therefore show a greater affinity for hydrophobic air 
than the hydrophilic –OH moiety.  It was therefore predicted that a –FITC end-capped 
surface would yield a lower surface energy than –OH end-capped films, which was 
confirmed via contact angle experiments discussed in a later section.  This behavior 
contradicts the expectation that smaller molecules will diffuse through the bulk toward 
the surface more easily than larger ones, and indicates that the process is controlled by 
affinity to the air and solubility in the bulk polymer rather than the size of the end-
capping molecule.  
 
 
52 
 
 
Figure 2.8. Snapshot of annealed amorphous unit cell for –OH end-capped PESU 
interacting with DMF. 
 
Table 2.3  
Summary of MD interaction energy simulations. 
Chain-End PESU 
IE  (/Å2) 
DMF 
IE  (/Å2) 
Air 
IE (/Å2) 
-OH 2.625 2.688 1.215 
-FITC 2.270 2.548 0.899 
 
Surface Properties 
Nanoscale Properties: Nano-mechanical Mapping and Surface Friction. AFM 
analysis was carried out on each film in order to track variations in the nano-scale 
properties of the surfaces of the films as a function of chain end moiety and molecular 
weight.  QNM mode AFM height, modulus, and adhesion images of PESU films with –
OH chain ends and PESU films with –FITC chain ends are shown in Figure 2.9.  The 
images are similar, with no indication of phase separation, but with small differences in 
nanomechanical properties.  Table 2.4 summarizes the RMS roughness, DMT modulus, 
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and nanoscale relative surface friction coefficients of the films.  Both films show RMS 
roughness of less than a nanometer, though PESU films with an excess of –OH chain 
ends at the surface yield a slightly higher surface roughness than that of the –FITC end-
capped films.  It is well known that surface morphology of solution cast films is 
dependent on the thermodynamic properties of the polymer solution as well as the 
method of solvent removal.33,39-44  In contrast to typical solution casting experiments, a 
high boiling point solvent was used in this system, and the casting procedure requires an 
extended time period at elevated temperatures. Initially, solvent removal was rapid and 
the system was driven to reach the vapor/liquid thermodynamic equilibrium by reduced 
pressures.  The –OH end capped PESU systems exhibited higher overall energy when 
compared with the –FITC labeled systems (as measured by MD).  As a result it is more 
difficult for the –OH end-capped polymer solution to reach thermodynamic equilibrium 
during the film formation process.  Deviations from equilibrium during solvent removal 
can lead to higher surface roughness of the resulting film.41  DMT modulus was higher 
for the –FITC capped polymer films, attributed to the greater stiffness of the FITC 
molecule.  A 27% increase in the relative surface friction coefficient was observed for the 
–FITC films.  The higher friction coefficient can be attributed to the lower surface 
roughness for this system, which increases the true area of contact between the probe and 
the surface.42  The differences in average nanoscale roughness, DMT modulus, and 
friction for the two end-capped systems were determined to be statistically significant (t-
test, p=0.05).  Polymer molecular weight, however, did not yield a significant effect, so 
only the results of the highest molecular weight films (F1) are reported in Table 2.4. 
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Table 2.4 
Summary of LFM and QNM results for PESU films with different chain-ends. 
Chain-End RMS Roughness 
(nm) 
DMT Modulus 
(GPa) 
Nano 
COF 
-OH 0.54 3.2 0.22 (0.05) 
-FITC 0.33 5.0  0.28 (0.05) 
 
 
 
Figure 2.9. QNM height, DMT modulus, and adhesion images for (top row) –OH end-
capped PESU and (bottom row) –FITC end-capped PESU.  Initial height images are of 
5x5 µm2 scans (Z-scale = 2.1 nm for –OH films and Z-scale = 1.8 nm for PESU films) 
and proceeding images are zoomed in at 1x1 µm2. 
 
 
Macro-scale Properties: Wettability and Surface Energy. Water and DiiM contact 
angle (θw and θDiiM) measurements and calculated surface energies are presented in Table 
2.5.  Standard deviations were calculated following propagation of uncertainty method 
and are shown in parenthesis next to the average values.  PESU films with an excess of –
OH chain ends at the polymer-air interface exhibited hydrophilic properties (θw<90°) that 
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are dependent on the molecular weight, with θw decreasing as molecular weight 
decreases. Hydroxyl groups are hydrophilic, therefore, a segregation of –OH chain ends 
to the polymer-air interface enhances the wettability of the surface. Surfaces with an 
excess of –FITC chain ends showed hydrophobic characteristics (θw>90°) with θw 
increasing with decreasing molecular weight.  FITC moieties are hydrophobic and were 
expected to have the opposite effect on the surface wettability to that of the –OH end-
capped systems.   
As predicted, -OH end-capped films yielded higher surface energies than –FITC 
end-capped systems.  The surface energy of the –FITC end-capped system decreased 
with decreasing molecular weight, while that of the –OH end-capped films increased 
slightly.  The higher surface energy of the –OH systems is attributed to the hydrophilicity 
of the surface as well as the higher energy cost of the hydrophilic  –OH chain ends to 
interact with hydrophobic air (as measured by MD).  FITC molecules are more 
hydrophobic and do not have enough energy to overcome the surface tension of water 
(i.e. low surface energy).  Statistical analysis of contact angle measurements showed that 
the wettability and surface energy (macro-scale surface properties) of the PESU surfaces 
yield a significant dependence on both chain end moiety and molecular weight (based on 
t-test, p=0.05). 
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Table 2.5 
Contact angle measurements for PESU films with different chain-ends and varying 
molecular weight (molecular weight decreases from F1>F2>F3 and PF1>PF2>PF3). 
 
Chain 
End 
Fraction θw 
(degrees) 
θDiiM 
(degrees) 
γSV 
(mJ/m2) 
-OH F1 85.8 (0.5) 30.0(1.2) 45.5 
-OH F2 82.4 (0.6) 29.7(0.6) 46.3 
-OH F3 78.6 (1.1) 27.5(1.6) 46.5 
-FITC PF1 89.8 (1.0) 41.0(2.0) 40.3 
-FITC PF2 94.3 (0.2) 45.8(1.0) 37.3 
-FITC PF3 97.8 (1.1) 48.7(0.8) 35.3 
 
Conclusions 
Chain end segregation to the polymer-air interface was demonstrated for solution 
cast films of fractionated PESU samples with two types of end groups.  Chain end 
concentration depth profiles generated with XPS in combination with ion gun etching 
revealed a molecular weight dependence with the lowest molecular weight sample 
yielding the highest concentration of chain ends at the surface.  Bulk chain end 
concentration was achieved at a depth on the order of the Rg for this semi-rigid rod 
polymer, in contrast to the 2Rg dependence for flexible chain amorphous polymers 
established by previous researchers.  The volume fraction of chain ends at the surface 
scaled as N-1.5 for the semi-rigid rod PESU in contrast to the amorphous systems that 
scale as N-0.5.  These differences are attributed to the restricted mobility in the stiffer 
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polymer system, which has a more limited length scale available for chain end 
segregation. 
The type of chain end, -OH or –FITC, determined the nano- and macro-scale 
properties of the PESU film surface.  Nanoscale friction coefficient and DMT modulus 
were increased for the FITC system, while roughness was decreased; however, these 
properties were not significantly affected by polymer molecular weight.  The measured 
macro-scale properties (wettability and surface energy) showed dependence on both 
surface composition and molecular weight.  PESU end-capped with –OH yielded 
hydrophilic surfaces with the hydrophilicity increasing with decreasing molecular weight, 
and PESU end-capped with –FITC yielded hydrophobic surfaces with the hydrophobicity 
increasing with decreasing molecular weight.  The effect of molecular weight on the 
wettability and surface energy of the films is attributed to the higher concentration of 
chain ends present in lower molecular weight systems.  Lower surface energy was 
achieved with –FITC end-capped systems, in line with MD simulation predictions. 
To our knowledge, this is the first report of chain end behavior at the polymer-air 
interface in a well-defined, semi-rigid rod PESU film.  Surface segregation of a 
functionalized polymer component (thermodynamic process) has significant advantages 
over other methods of surface modification, and should provide inherently more robust 
surfaces than those created by kinetic processes.  Composition of the functional end 
group and molecular weight of the polymer can be controlled to tailor the nano- and 
macro-scale properties of the film surface for desired applications. 
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CHAPTER III 
SURFACE AND INTERFACIAL SEGREGATION OF DEUTERATED END GROUPS 
IN POLYETHERSULFONE FILMS AS PROBED BY NEUTRON REFLECTIVITY 
Abstract 
The surface localization of polymer chain ends has been shown to be an effective 
method of surface composition control in polymer films. This work investigates chain 
end distribution in thin polyethersulfone (PESU) films end-capped with various 
deuterated compounds. Neutron reflectivity revealed a preferential localization of chain 
ends to the PESU air-interface independent of chain end identity. Scaling of the chain end 
concentration as a function of polymer dimensions was determined to differ from that of 
flexible chain polymers; however, scaling with molecular weight coincided with 
established models. Surface analysis demonstrated that chain end chemistry could be 
used to tailor the nano- and macro-scale properties of the resulting PESU surface. 
Introduction 
Surfaces and interfaces of polyethersulfone (PESU) materials play a crucial role 
in the overall performance of the polymer in applications such as filtration membranes, 
medical devices, and protective coatings. One potential method to modify and control 
polymer surface properties is through the preferential segregation of functionalized chain 
ends. Chain end segregation is driven by the balance between the free energy gain 
associated with surface tension reduction and the free energy cost of demixing from the 
bulk, as governed by the classical Gibbs adsorption isotherm.1 That is, it is energetically 
preferred for the lower surface energy component to be in contact with the zero surface 
energy medium such as air or vacuum.2 In the case of an amorphous polymer, 
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conformational entropy is minimized by localizing polymer chains ends to the surface, 
thereby avoiding the required “reflection” at the material boundary.3 Several studies have 
demonstrated experimental evidence of the surface segregation of chain ends in 
amorphous polymers with combinations of neutron reflectivity (NR)2,4,5,6, X-ray 
photoelectron spectroscopy (XPS)7,8, static secondary ion mass spectroscopy (SSIMS)9,10, 
and contact angle analysis11,12. The majority of the reported experimental and theoretical 
studies have focused on the behavior of flexible, idealized chains (i.e. polystyrene, 
poly(methylmethacrylate), and poly(dimethylsiloxane)) that adopt random coil 
conformations. Established models of chain end segregation do not incorporate the 
structural constraints of a semi-rigid/rigid rod polymer backbone, like that of PESU. The 
length scale of the concentration gradient that arises as a result of surface segregation is 
also a matter of debate, and it is expected that chain rigidity will play a role in its 
determination. 
Recently, we demonstrated the preferential surface segregation of phenol and 
fluorescein isothiocyanate (FITC) chain ends in solution cast PESU films, where the 
thickness of the concentration gradient scales with the radius of gyration (Rg) of the 
polymer chains based on XPS coupled with ion beam etching.13 This length scale is 
smaller than that predicted by the de Gennes model for chain end segregation in a flexible 
polymer system, which is on the length scale of the coil diameter (2Rg), and was 
attributed to the limited mobility of rigid rod polymer chains.3 XPS and contact angle 
experiments showed a quantitative dependence of the concentration of chain ends at the 
surface on polymer molecular weight; however, the depth profile, generated by ion gun 
etching in combination with XPS, provided only a relative distribution length scale due to 
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discrepancies in the thickness of the surface layer removed by the etching procedure. 
Additionally, damage from the ion beam may distort the compositional data measured by 
XPS.14 The distribution of chain ends in the z-direction of PESU films, and the effects of 
varying chain end composition and molecular weight on the length scale of the 
concentration gradient, are still unknown. The z-distribution of functional chain ends (i.e. 
concentration gradient), is likely to influence the ultimate properties of the polymer 
surface and dictate the length scale of the dynamic interfacial layer.11 
Neutron reflectivity (NR) is a non-destructive, scattering technique that (when 
paired with isotopic labeling) can probe the exact location and depth distribution of 
deuterated end-groups from the air-interface into the bulk of thin polymer films.15 The 
nanometer resolution of chain end distribution characterized by NR has been 
demonstrated by Mayes et al.5, Kajiyama et al.2, and Koberstein et al.4 for deuterated and 
fluorinated chain-ends in thin polystyrene films. To strengthen our proposed model of 
rigid polymer chain end surface segregation based on XPS analysis, specular neutron 
reflectivity measurements were required. Therefore, this work aimed to provide new 
knowledge of the distribution of functional chain ends in PESU films to accurately 
determine how chain end chemistry can be used to tailor the surface and interfacial 
properties of PESU materials. For this purpose, we have prepared a series of varying 
molecular weight PESU end-capped with hexadeutero phenol, tolyl-d7-isocyanate, and 
butane-d9-sulfonyl chloride. NR was utilized to determine the influence of 1) polymer 
molecular weight and 2) chain end composition on the extent of chain end surface 
segregation and z-distribution in thin PESU films. NR experiments were conducted in 
both air and 100% D2O humidity to explore the effects of environmental parameters on 
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the compositional depth profiles. Additionally, nanoscale and macroscale surface 
properties were evaluated via atomic force microscopy (AFM) and contact angle 
techniques. The results of this work establish guidelines for the preparation of functional 
surfaces of PESU materials, as well as provide avenues to control the surface properties 
without the need for post-processing modifications.  
Experimental 
Materials 
Commercial PESU was supplied by Solvay Specialty Polymers USA, L.L.C. in a 
white powder form.  PESU chains are end-capped with functional phenolic (OH) groups 
ranging from 50-200 µeq/g according to titration.  The PES used in this work is 
commercially available under the trade name Virantage®PESU. Dichlorodiphenyl 
sulfone, bisphenol S, hexadeuterophenol (HDP), aluminum chloride, anhydrous 
dimethylformamide (DMF), anhydrous N-methyl-2-pyrrolidone (NMP), methanol 
(MeOH), triethylamine (TEA), dibutyltin dilaurate (DBTDL), dichloromethane (DCM), 
and dichlorobenzene (DCB) were obtained from Sigma-Aldrich.  Anhydrous solvents 
were supplied in sealed bottles and were removed through a syringe to avoid laboratory 
exposure. Deuterated dimethyl sulfoxide (d6-DMSO) and deuterated chloroform (CDCl3) 
were supplied by Sigma-Aldrich and stored in a desiccation chamber until use. 1-butane-
d9-sulfonyl chloride (b-SO2) and p-tolyl-d7-isocyanate (TNCO) were purchased from 
CDN Isotopes. Polished silicon wafers (5 mm thick, 75 mm diameter) were obtained 
from El-Cat, Inc., Ridgefield Park, NJ, USA. In each case that a polymer solution was 
filtered, a Whatman polytetrafluoroethylene (PTFE) membrane filter (0.25µm pore size) 
was used. 
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Sample Preparation 
Synthesis of hexadeuterophenol end-capped polyethersulfone. Varying molecular 
weights of polyethersulfone possessing deuterated-phenyl chain ends were synthesized. 
All hexadeuterophenol end-capped polymers (4) were synthesized by combining HDP (1, 
amounts shown in Table 3.1), 4,4’-dichlorodiphenyl sulfone (2, 6.31 g, 0.02196 mol, 1.02 
eq.), 4,4’-biphenol S (3, 5.39 g, 0.02153 mol, 1.00 eq.), K2CO3 (3.51 g, 0.02540 mol, 
1.18 eq.), and sulfolane (27.29 g) into a 200 mL 3-neck round bottom flask equipped with 
a mechanical stirrer, a Dean-Stark trap, and a nitrogen sparge tube (Scheme 3.1). The 
resultant mixture was then heated slowly from r.t. to 170 °C over 45 minutes with 
mechanical stirring (200 rpm) and low nitrogen flow and allowed to remain at this 
temperature for 2h. This condition was chosen to minimize/eliminate loss of the more 
volatile hexadeuterophenol reactant (2).  Following this low temperature build in 
molecular weight, the reaction was subsequently heated to 220 °C over 30 min and held 
there for 2 h. The now viscous mixture was then cooled to 180 °C at which point 25 g of 
N-methyl pyrrolidone (NMP) was added as a diluent.  Upon further cooling to 50 °C, the 
entire reaction mixture was precipitated by slowly pouring the contents of the reaction 
vessel into a blender containing 500 mL of a 50:50 mixture of methanol and H2O. The  
now coagulated white polymer was collected via vacuum filtration and then subjected to 
repeat wash and filter cycles using boiling H2O (3 x 500 mL) and r.t. methanol (1 x 500 
mL) as washing solvents.  The final white powder was dried in a vacuum oven (100 °C, 
36 mmHg) for 16 h to afford the desired hexadeuterophenyl end-capped 
poly(ethersulfone) (4).  
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Scheme 3.1. Synthesis of HDP end-capped PESU (4) with varying molecular weight. 
End-capping commercial PESU with p-tolyl-d7-isocyanate (TNCO). In a dry box, 
a 25 mL round bottom flask, equipped with a stir bar, was charged with NMP (15.0 mL), 
DBTDL (2.10 mL), and commercial PESU (1 g).  Prior to reaction, commercial PESU 
was fractionated into systems of narrowed molecular weight distribution via a fractional 
precipitation procedure outlined in a previous publication.13 The solution was stirred 
under N2 and TNCO (100 mg) was added in excess using a syringe (while still in dry 
box). The solution was stirred at 90°C for 24 hours. After cooling to 50 °C, the entire 
reaction mixture was precipitated by slowly pouring the contents of the reaction vessel 
into 500 mL of a 50:50 mixture of methanol and H2O. The  now coagulated white 
polymer was collected via vacuum filtration and then subjected to repeat wash and filter 
cycles using boiling H2O (3 x 500 mL) and r.t. methanol (1 x 500 mL) as washing 
solvents.  The final white powder was dried in a vacuum oven (100 °C, 36 mmHg) for 16 
h to afford the desired p-tolyl-d7-isocyanate end-capped poly(ethersulfone) (Scheme 3.2). 
Scheme 3.2. T-NCO (5) end-capping reaction with commercial PESU (6). 
 End-capping commercial PESU with b-SO2. In a dry box, a 25 mL round bottom 
flask, equipped with a stir bar, was charged with DCM (15.0 mL), TEA (2.10 mL), and 
fractionated commercial PESU (1 g).  The solution was stirred under N2 and 1-b-SO2 
(100 mg) was added in excess using a syringe (while still in dry box). The solution was 
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stirred at 90°C for 24 hours. After cooling to 50 °C, the entire reaction mixture was 
precipitated by slowly pouring the contents of the reaction vessel into 500 mL of a 50:50 
mixture of methanol and H2O. The  now coagulated white polymer was collected via 
vacuum filtration and then subjected to repeat wash and filter cycles using boiling H2O (3 
x 500 mL) and r.t. methanol (1 x 500 mL) as washing solvents.  The final white powder 
was dried in a vacuum oven (100 °C, 36 mmHg) for 16 h to afford the 1-butane-d9-
sulfonyl end-capped poly(ethersulfone) (Scheme 3.3). 
 
Scheme 3.3. b-SO2Cl (8) end-capping reaction with commercial PESU (6). 
 Film Preparation. Uniform PESU films of d ≈ 60 nm were prepared for neutron 
reflectivity experiments by spin coating from mixtures of DMF and DCB solutions onto 
silicon waters (5 mm thick, 75 mm diameter). Concentration, spin speed, and spin time 
were optimized to achieve desired film thicknesses with smooth surfaces (as confirmed 
by AFM analysis). Prior to spin coating, the silicon substrates were cleaned by ozone 
plasma for 20 min, and were then boiled for 1.5 h at 90°C in a bath of concentrated 
H2SO4/H2O2 (70/30 vol%/vol%). Following piranha treatment, wafers were rinsed in DI 
water and immediately dried under N2. All films were annealed above the measured glass 
transition temperature (Tg) of the respective component (as measured by differential 
scanning calorimetry). 
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Methods 
Gel Permeation Chromatography. Molecular weights and molecular weight 
distributions of synthesized hexadeuterophenyl end-capped poly(ethersulfone) and 
commercial PESU fractions were measured using a GPC system equipped with a Waters 
Alliance 2695 separation module, an on-line multiangle laser light scattering (MALLS) 
detector operating at 690 nm (MiniDawn, Wyatt Technology Inc.), an interferometric 
refractometer (Optilab DSP, Wyatt Technology Inc.) operating at 65 °C, and two PLgel 
GPC columns (Polymer Laboratories Inc.) connected in series. DMF/0.02 M LiBr was 
used as the mobile phase at a flow rate of 0.5 mL/min. All sample concentrations were 
approximately 5-10 mg/mL, with an injection volume of 100 μL. Detector signals were 
simultaneously recorded and absolute molecular weights and dispersity (Ɖ) were 
calculated using ASTRA software (Wyatt Technology Inc.). A dn/dc value of 0.1774 
mL/g was used for PESU in DMF as measured by a Reichert ARIAS 500 refractometer. 
Light Scattering. Variable-angle dynamic light scattering (DLS) and static light 
scattering (SLS) measurements were collected using incident light of 633 nm from a 
Spectra Physics Model 127 HeNe laser operating at 40 mW.  For SLS, the angular 
dependence of the autocorrelation functions was measured using a Brookhaven 
Instruments BI-200SM goniometer with an avalanche photodiode detector and TurboCorr 
correlator. The mutual diffusion coefficients (Dm) were calculated from Equation 2.2. The 
hydrodynamic radius (Rh) was then calculated from Equation 2.3. SLS measurements 
were also performed on polymer solutions using the same instrument described above. 
The angular dependence of the inverse excess scattering intensity (Iex) was analyzed via 
Zimm formalism yielding the radius of gyration (Rg) from the slope and the effective 
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molecular weight of the polymer from the intercept. Samples were dissolved in 
DMF/0.02 M LiBr (0.001 – 0.009 g/mL solutions).  The solutions were filtered through a 
0.25 μm filter directly into scattering cells. 
Differential Scanning Calorimetry (DSC). DSC measurements were performed 
using a TA Instruments Q200 calorimeter at a heating rate of 10°C/min. Heat/cool/heat 
experiments were performed and the glass transitions, Tgs, were obtained from the second 
heating run. The Tg was taken to be the temperature where half the increase in the heat 
capacity has occurred. All annealing in this study was conducted above the Tg of the 
respective components and/or systems.  
Neutron Reflectivity (NR). NR experiments were performed at the Spallation 
Neutron Source Liquids Reflectometer (SNS-LR) at Oak Ridge National Laboratories 
(ORNL). The specularly reflected neutrons were detected using a scintillation counter, as 
a function of the magnitude of the scattering vector q, which is defined as: 
               sin)/4( qq                            (3.1) 
where θ is the angle of incidence and reflection relative to the sample surface for the 
beam with wavelength λ. For these measurements a single-wavelength band centered at 
3.25 Å, together with seven incidence angles, provided a q range extending from 0.008 to 
0.22 Å−1. For dry experiments, wafers were laid directly on the horizontal sample stage. 
For 100% D2O humidity experiments, the as-prepared films were mounted in a 
customized aluminum chamber. The bottom edge of the Si wafer was in direct contact 
with the aluminum chamber. Liquid D2O was injected into the water reservoir of the 
chamber. An unsaturated D2O vapor atmosphere (100%) was installed by the amount of 
injected water and the position of the reservoir. All films were equilibrated in the D2O 
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chamber for 6 hr. Following equilibration, the D2O chamber was placed directly onto the 
horizontal sample stage and neutron reflectivity measurements were taken following the 
previously described procedure.   
Reflectivity curves were assembled by combining seven different wavelength and 
angle data sets together maintaining a constant sample footprint and relative instrument 
resolution of δq/q = 0.03 by varying the incident-beam apertures. The neutron reflectivity 
data were analyzed using the recursive multilayer method originally formulated by 
Parratt. In this formalism, a reasonable input model based on the prior knowledge of the 
specimen is used in a fitting program, which minimizes the deviation between the 
experimental data and the calculated reflectivity profiles based on the input model. The 
starting film thickness values were taken from AFM scratch testing and were then 
adjusted to fit the reflectivity curves. The neutron scattering length density (related to 
refractive index) is defined as ∑ = b/V, where b is the monomer scattering length (the 
sum of the scattering length of the constituent atomic nuclei) and V is the monomer 
volume.15 From this point forward this will be abbreviated as SLD for scattering length 
density. Layer intermixing was simulated by error function density profiles (Gaussian 
roughness).17 The average layer spacing, do, and other structural parameters are 
qualitatively revealed by superlattice and Kiessig-fringe peak spacing in the experimental 
reflectivity data. Goodness of fit was determined by minimizing χ2, constrained to 
physically reasonable values of thickness and refractive index and consistency with other 
measurements, such as AFM and previous XPS depth profiling measurements.   
Atomic Force Microscopy (AFM). Quantitative nano-mechanical mapping (QNM) 
studies were conducted on a Bruker Dimension Icon Scanning Probe Microscope in a 
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temperature (23 °C) and humidity (50%) controlled room with a standard Veeco RTESP 
silicon probe (cantilever length, 125 μm; nominal force constant, 40 N/m; and resonance 
frequency, 350 kHz). Samples were stored in a humidity controlled chamber and 
measurements were conducted on the same day to minimize environmental effects.  
Height, DMT modulus, and adhesion images were collected simultaneously. The DMT 
modulus and adhesive forces measured in QNM are not absolute measurements but are 
based on calibration of the instrument and are therefore used as a means of comparison 
between the different samples.  The image size ranged from 500 × 500 nm2 to 5 × 5 μm2, 
while the resolution was held constant at 512 × 512 data points. At least three 
macroscopically separated segments of each film were analyzed and representative 
images are shown. All standard image processing techniques were performed using 
Nanoscope version 5.30 r2 image analysis software. 
Contact Angle Goniometry. Contact angle measurements were conducted via the 
sessile drop technique using a Rame’-Hart goniometer coupled with DROP-image data 
analysis software. The static contact angle formed by drops of HPLC grade water and 
hexadecane was measured on each polymer surface immediately after deposition. Ten 
droplets of the test fluid were analyzed at different locations on each polymer surface to 
ensure an accurate representation of the surface.  
Results and Discussion 
Synthesis and Characterization of Hexadeuterophenol End-Capped PESU 
The step growth condensation polymerization of polyethersulfone is the basic 
process studied and developed by Solvay Specialty Polymers for the commercial 
production of a series of sulfone polymers. This core technology was employed in this 
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study to synthesize PESU with HDP chain ends (4, Scheme 3.1) with varying molecular 
weights.  Deuterated chain ends were achieved by adding varying concentrations of HDP 
to the reaction mixture of 4,4’-dichlorodiphenyl sulfone (2) and biphenol S (3). 
Sequential decay in molecular weight (Mw and Mn) as a function of end-capper loading 
was observed (Appendix A5), which confirms incorporation of the HDP into the 
polymer.  Based on GPC analysis, Mw ranged from 33,000 to 12,000 g/mol while Mn 
ranged from 12,000 to 6,000 g/mol. Ɖ decreased with decreasing molecular weight and 
increasing end-capper loadings. From this point on, these samples will be referred to as 
HDP-PESU1, HDP-PESU2, and HDP-PESU3 where “HDP” refers to the 
hexadeuterophenol chain end and the number is associated with molecular weight (Table 
3.1). 
Data from SLS and DLS experiments are summarized in Table 3.1. The Mw’s 
determined from the generated Zimm plots are in good agreement with those obtained 
from GPC. The measured value of Rg reveals information about the polymer dimensions. 
The ratio ρ = Rg/Rh provides a measure of polymer conformation in solution with rod-like 
polymers showing ratios greater than 2.2.18 The ρ values reported in Table 3.1 indicate 
that each polymer adopts a rod-like conformation when dissolved in DMF. The ρ value 
increases with decreasing molecular weight, indicating an increase in rigidity and 
reduction in deviation from linearity as the chain size decreases.19 These findings are 
consistent with our previous studies on fractionated PESU systems of varying molecular 
weight.13 All Zimm plots can be viewed in the Appendix (A6-A9) 
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Deuteration of Commercial PESU Chain Ends 
 Functional –OH chain ends of commercial PESU (6) were reacted with deuterated 
TNCO (5) and b-SO2 (8) as shown in Schemes 3.2 and 3.3, respectively. Prior to reaction, 
commercial PESU was fractionated into systems of controlled molecular weight and 
narrowed distribution via a fractional precipitation method outlined in a previous 
publication.13,20 The molecular weight, distribution, and polymer dimensions of the PESU 
fractions used in this study are summarized in Table 3.1. Fractions were chosen to 
resemble the molecular weight of HD-PESU1.  To ensure the functionalization reaction 
between T-NCO and b-SO2 occurs for larger molecular weight PESU, model reactions 
were carried out on low molecular weight PESU oligomers (5,000 g/mol) containing 
phenol end groups, provided by Solvay Specialty Polymers. Complete functionalization 
of the low molecular weight PESU was verified by the disappearance of the phenolic 
proton peak at 9.1ppm shown in the 1H-NMR spectra (Appendix A10). Although it was 
not possible to directly determine functionalization using this technique for the higher 
molecular weight polymers, we assume by extension that the same reaction occurred. 
Additionally, neutron reflectivity profiles provide evidence of deuterated moieties (i.e. 
increase in SLD of the neat PESU system) and will be discussed in a later section. The 
substitution of fractionated PESU chain ends provides a means of comparison with our 
previous work which reported the chain-end segregation in commercial, fractionated 
PESU systems based on XPS analysis. Furthermore, functionalization of PESU with 
various deuterated compounds will indicate how altering chain end chemistry affects the 
resulting concentration gradient as well as the surface properties of the polymer films.  
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Table 3.1 
 
Summary of GPC, SLS, and DLS for deuterated HDP-PESU, TNCO-PESU, and bSO2-
PESU in DMF. 
 
  GPC Light Scattering 
Sample ID HDP End 
Cap 
(mol%) 
Mw  
(g/mol) 
Mn  
(g/mol) 
Ɖ Mw 
(g/mol) 
Rg  
(nm) 
Rh  
(nm) 
Rg/Rh 
HDP-PESU1 1.0 32,600 12,500 2.6 41,800 16.5 7.6 2.3 
HDP-PESU2 2.5 20,800 9,000 2.3 24,100 12.8 5.1 2.5 
HDP-PESU3 10.0 11,900 6,000 2.0 11,000 5.5 1.9 2.9 
         
TNCO- PESUa n/a 36,300 28,600 1.3 47,200 14.3 6.1 2.3 
bSO2-PESUa n/a 34,000 24,800 1.4 37,400 13.1 5.7 2.3 
 
aFractionated commercial PESU 
 
Neutron Reflectivity 
Depth Profiles of HDP-PESU Chain Ends – Air and D2O Vapor Atmospheres. 
Figure 3.1 (a1-c3) presents the NR data (1) and corresponding SLD depth profiles when 
exposed to air (2) and D2O vapor (3) environments for HDP-PESU films of varying 
molecular weight (a,b,c). NR data is displayed with the best-fit curves based on the 
model SLD values as outlined in the experimental section. The total PESU film thickness 
was held at approximately 60 nm and measured by the neutron mode fit and AFM scratch 
testing. Since the calculated curves are in good accordance with the experimental data, 
the model SLD profiles correspond well to the composition profile in the films along the 
normal direction to the surface (z).4 In the air interface experiments, the contrast was 
primarily provided by the higher SLD of the deuterated HDP chain ends (~ 5.1 x 10-6 Å-
2). Therefore, any localized enhancements of SLD in the resultant profiles reflect the 
location and spatial distribution of the PESU chain ends. In all films, the SLD value at the 
air-interface (z = 0) is much higher than that in the interior bulk region, indicating a HDP 
rich layer at the surface of the polymer film. HDP-PESU3 films show the highest overall 
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SLD (surface and bulk), which is attributed to the higher concentration of deuterated 
chain ends in the lower molecular weight system.12 The eventual reduction to a constant 
bulk ratio occurs at a depth on the order of the Rg of the polymer chains with the highest 
molecular weight system showing the thickest interfacial layer (~ 15 nm). This length 
scale is smaller than that of the de Gennes model for flexible chains, which is on the scale 
of the coil diameter (i.e 2Rg). It is expected that a stiffer polymer system would have 
restrictions on mobility and therefore have a limited length scale available for chain end 
segregation. These findings are consistent with our previous results generated from XPS 
depth profiling experiments and further support our proposed model for chain end 
segregation in rigid rod polymer films. The volume fraction of HDP chain ends at the 
PESU surface (φCE,surface) can be calculated from Equation 3.2:21 
PESUCE
PESUz
surfaceCE
nn
nn


,          (3.2) 
where nz is the SLD of the surface layer obtained from the fit model, and nPESU ( ~ 1.6 x 
10-6 Å-2) and nCE are the SLD of PESU and HDP, respectively. Analysis of φCE,surface vs. N 
shows that φCE,surface scales roughly as N-0.5 (Figure 3.2). Interestingly, this trends with the 
scaling factor presented by the de Gennes model (φCE,surface ~ N-0.5). Thus, the rigidity of 
the PESU chains limits the length scale of chain end segregation, while the volume 
fraction shows the same molecular weight dependence as a flexible polymer system. This 
contrasts the scaling factor based on our previous XPS experiments which showed that 
φCE,surface scaled as N-1.5. While neutrons are non-destructive, the beam used for XPS 
depth profiling analysis may cause damage to the polymer chains and alter the molecular 
weight.22 Additionally, narrow Ɖ PESU fractions were used in the XPS studies while in 
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this work the Ɖ of synthesized HDP-PESU was greater than two, which may explain the 
variations in molecular weight dependence of the two studies.     
NR experiments on HDP-PESU samples were also conducted in D2O vapor 
atmospheres. It can be clearly observed from the SLD depth profiles (Figure 3.1 a3-c3) 
that in addition to a slight increase in the thickness of the films there is a systematic 
enhancement of SLD as a result of swelling in D2O vapor. Since the SLD of D2O is very 
large as compared to that of the deuterated chain ends, the presence of a small fraction of 
D2O in the HDP-PESU films can be detected by neutrons.
21,23 Therefore, the overall 
SLD, which is the weighted average of both the components (D2O and HDP-PESU), 
increases systematically with D2O exposure. The measured SLD values at the polymer 
surfaces were higher than that of the interior bulk region, similar to what was observed in 
the air-interface experiments. This can be attributed either to a high concentration of D2O 
molecules residing at the dynamic interfacial layer, or from the presence of both 
deuterated HDP chain ends and D2O molecules. Higher bulk SLD values indicate that 
D2O permeated the thin films, also evidenced by a slight swelling in film thickness.
24 
Additionally, the SLD at the substrate interface is slightly higher than that of the bulk 
polymer. This is attributed to the hydrophilicity of the Si substrate allowing permeated 
D2O to reside at this layer. The magnitude of SLD enhancement with D20 depends on 
molecular weight, with HDP-PESU3 demonstrating the smallest increase in SLD. This 
can be attributed the higher degree of stiffness of the low Mw polymers, as measured by 
light scattering, which restricts bulk mobility of the film and may limit D2O 
permeability.21  
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Figure 3.1. (1)Neutron reflectivity data with model fit overlays for (A) HDP-PESU1 (B) 
HDP-PESU2 and (C) HDP-PESU3 spin coated films with corresponding SLD depth 
profiles in air (2) and D2O vapor environments (3). Depth profiles reveal a preferential 
segregation of HDP chain ends to the polymer-air interface (z = 0) with the lowest 
molecular weight film (HD-PESU3) showing the highest concentration of chain ends at 
the surface. D2O vapor experiments show a slight swelling in film thickness and D2O 
permeability. 
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Figure 3.2. Surface volume fraction of HDP chain ends vs. N. The volume fraction of 
chain ends on the surface of HD-PESU films scales as N-0.5, consistent with the de 
Gennes model. Inset shows schematic diagram of chain ends residing on the film surface.  
Depth Profiles of Varying Chain End Compositions. Figure 3.3 (a-b) presents the 
NR data (in air) with the best-fit curves and corresponding SLD depth profiles for 
TNCO-PESU and bSO2-PESU thin films of similar Mw to HDP-PESU1. Similarly to the 
HDP end-capped systems, TNCO-PESU and bSO2-PESU thin films show a higher SLD 
value at the air-interface (z = 0) than in the interior bulk region, indicating a chain end 
rich layer at the surface of the polymer film. The reduction from the surface 
concentration to a bulk ratio occurs on the length scale of the Rg of the polymer chains, 
which correlates well with the HDP chain ends and our previous studies based on XPS 
analysis. The interfacial thickness of TNCO-PESU is slightly higher than that of bSO2-
PESU (by approximately 2 nm), which can be explained by the higher Rg of the TNCO-
PESU fraction as measured by SLS. This is further indication that the surface segregation 
of chain ends is an inherent characteristic of PESU and the length scale of segregation 
depends on polymer dimensions. 
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Figure 3.3. (A) NR data with model fit for TNCO-PESU and bSO2-PESU spin coated 
films and (B) corresponding SLD depth profiles. Similar to HDP-PESU films, a high 
concentration of chain ends is observed at the air-interface followed by the eventual 
reduction to a constant bulk ratio occurring on the length scale of the Rg of the polymer 
chains.  
Surface Properties 
Nanoscale Properties: Morphology and Nano-Mechanical Mapping. AFM 
analysis was carried out on each film in order to track variations in the nano-scale 
properties of the surfaces of the films as a function of molecular weight and chain end 
identity. Representative QNM mode AFM height, DMT modulus (EDMT), and adhesion 
(Fadh) images of HDP-PESU1 are shown in Figure 3.4a, and the nanomechanical 
properties are summarized in Table 3.2. When comparing samples of varying molecular 
weight, HD-PESU1 shows the highest surface roughness, which was also evidenced in 
NR experiments (i.e. off-specular reflection25). It is well known that the surface 
morphology of spin coated films is dependent on properties of the polymer solution as 
well as the spin coating conditions.26 In contrast to typical spin coating experiments, a 
high boiling point solvent (DMF) was used which limits the rate of solvent evaporation 
during spin coating. It is possible that the higher molecular weight polymer solutions trap 
 
 
83 
 
more DMF into the film during spin coating, leading to an increase in surface roughness. 
Polymer molecular weight, however, does not yield a significant effect on the surface 
EDMT or Fadh. Morphology and nanomechanical properties of TNCO-PESU and bSO2-
PESU were measured and compared with HDP-PESU as shown in Figure 3.4 (b-c). 
Comparisons were made between samples of similar molecular weight. The images are 
similar, with no indication of phase separation, but with small differences in 
nanomechanical properties displayed in Table 3.2. All films show similar RMS 
roughness (0.9 – 1.3 nm), though PESU films with an excess of b-SO2 chain ends at the 
surface yield a slightly higher surface roughness than that of the HDP or T-NCO end-
capped films. EDMT is higher for the HDP capped polymer films, attributed to the greater 
stiffness of the aromatic HDP chain ends at the surface. Interestingly, the most dramatic 
difference in nanomechanical properties is observed in the measured Fadh. The nanoscale 
Fadh of the TNCO end-capped polymers iss 3X’s the Fadh of HDP or b-SO2 end capped 
films. This is likely due to favorable interactions between the nitrogen on the surface of 
TNCO films and the silicon nitride RTESP tip.27 The differences in average nanoscale 
EDMT and Fadh for the three end-capped systems were determined to be statistically 
significant (t-test, p ≤ 0.05).  
Macro-Scale Properties: Wettability and Surface Energy. Water contact angle 
(θw) measurements are presented in Table 3.2. Standard deviations were calculated 
following propagation of uncertainty method and are shown in parenthesis next to the 
average values. PESU films with an excess of HDP chain ends at the polymer air 
interface exhibit hydrophilic properties (θw< 90°). No significant difference is observed 
in contact angles of HDP-PESU samples with varying molecular weight. This was 
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unexpected based on NR experiments that showed a higher concentration of chain ends 
on the surface of the lower molecular weight films. Since the structure of HDP resembles 
that of the PESU backbone, a higher concentration of HDP on the surface does not 
significantly affect the water contact angle. Surfaces with an excess of TNCO and b-SO2 
chain ends also show hydrophilic characteristics. However, a significant decrease in 
contact angle iss observed for bSO2-PESU systems attributed to the more hydrophilic 
nature of the aliphatic butane-sulfonyl compound. 
 
Figure 3.4. AFM (1) 5x5 μm height, (2) 1x1 μm height, (3) 1x1 μm DMT modulus, and 
(4) 1x1 μm adhesion images of (A) HDP-PESU1, (B) TNCO-PESU, and (C) bSO2-PESU 
films (similar Mw’s). All films show similar RMS roughness (0.9 – 1.3 nm), though 
bSO2-PESU shows a slightly higher surface roughness than that of the HDP or T-NCO 
end-capped films. EDMT is higher for the HDP capped polymer films, attributed to the 
greater stiffness of the aromatic HDP chain ends at the surface. Interestingly, the most 
dramatic difference in nanomechanical properties is observed in the measured Fadh. The 
nanoscale Fadh of the TNCO end-capped polymers is 3X the Fadh of HDP or b-SO2 end 
capped films. 
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Table 3.2  
 
Summary of PESU surface properties measured by AFM and contact angle. 
 
Sample ID Chain End RMS 
Roughness 
(nm) 
EDMT 
(GPa) 
FAdh 
(nN) 
θH2O 
(°) 
HDP-PESU1 d5-HD 1.00 3.6 6.6 71.4 (1.5) 
HDP-PESU2 d5-HD 0.51 3.4 6.9 70.1 (2.0) 
HDP-PESU3 d5-HD 0.44 3.6 6.1 72.9 (2.4) 
      
TNCO-PES d9-bSO2 0.91 3.0 20.1 70.1 (2.0) 
bSO2-PES d7-TNCO 1.10 2.7 4.7 55.5 (2.5) 
 
Conclusions 
Chain end localization to the polymer-air interface was demonstrated for thin 
PESU films with varying deuterated chain ends. Surface localization appeared to be 
independent of chain end identity and is driven by entropic forces. Chain end 
concentration depth profiles generated by neutron reflectivity experiments revealed a 
molecular weight dependence with the lowest molecular weight sample yielding the 
highest concentration of chain ends at the surface. Interestingly, the volume fraction of 
chain ends on the surface scaled as N-0.5 agreeing with the de Gennes model based on 
flexible polymer systems. However, bulk chain end concentration was achieved at a 
depth on the order of the Rg for this semi-rigid rod polymer, in contrast to the 2Rg 
dependence for flexible chain amorphous polymers established by previous researchers. 
This difference is attributed to the restricted mobility in the stiffer polymer system, which 
has a more limited length scale available for chain end segregation. Additionally, the 
chain end concentration gradient characterized via NR agreed well with our previous 
model for rigid rod polymers based on XPS experiments.  
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The type of chain end determined the nano- and macro-scale properties of the 
PESU film surface. Nanoscale modulus and adhesion force were dictated by chain end 
identity, with aromatic chain ends demonstrating the highest surface modulus. The 
measured macro-scale properties (wettability) also showed a statistically significant 
dependence on chain end composition with aliphatic b-SO2 end capped polymers yielding 
the most hydrophilic surfaces.  
To our knowledge, this is the first report of chain end distribution by neutron 
reflectivity at in a well-defined, semi-rigid rod PESU film. Surface segregation of a 
functionalized polymer component (thermodynamic process) has significant advantages 
over other methods of surface modification, and should provide inherently more robust 
surfaces than those created by kinetic processes. Composition of the functional end group 
and molecular weight of the polymer can be controlled to tailor the nano- and macro-
scale properties of the film surface for desired applications. 
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CHAPTER IV 
SYNTHESIS, CHARACTERIZATION, AND SURFACE PROPERTIES OF 
BRANCHED POLYETHERSULFONE FROM SEMI-FLUORINATED POSS CORES 
Abstract 
Hybrid systems in which polyethersulfone (PESU) chains are grafted to semi-
fluorinated polyhedral oligomeric silsesquioxane (POSS) cores are expected to integrate 
the advantages of both fluorpolymers and POSS into the polymer system to yield 
excellent surface properties. For that purpose, we synthesized a novel octa-functional 
perfluorcyclopentenyl-POSS (PFCP-POSS), which was used as a “core” grafting point. 
Commercial PESU was successfully grafted to PFCP-POSS via the nucleophilic addition-
elimination reaction between the phenolic chain ends and reactive sp2 fluorine to yield a 
hybrid branched polymer possessing a semi-fluorinated POSS core. X-ray photoelectron 
spectroscopy, neutron reflectivity, and atomic force microscopy indicated that the 
preparation of nanostructured polymer surfaces occurs by migration of the low surface 
energy components (PFCP-POSS molecules) while POSS aggregation is suppressed by 
covalent attachment to the long PESU chains. The resulting PFCP-POSS modified PESU 
films were highly transparent and yielded hydrophobic surfaces with low surface energy 
and high modulus for potential applications in high performing coatings and composites. 
Introduction 
Polyethersulfone (PESU) is an engineering thermoplastic that is characterized by 
good optical properties, high glass transition temperatures, and mechanical strength.1,2 
Major applications include filtration membranes, medical devices, and high performance 
composites.  Due to the excellent hydrolytic stability of the polymer, there has been 
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recent interest in designing PESU systems for corrosion resistant, anti-fouling coatings in 
marine based applications.3 For such applications, the properties desired at the polymer 
surface/interface, such as adhesion, wettability, surface energy, hardness, or 
biocompatibility, are often distinct from the bulk properties of the material. Typically, 
control of PESU surface properties for commercial applications is achieved by surface 
modification through various chemical or physical processes, such as plasma4,5,6, surface 
grafting7,8,9, or metal coating10,11. These kinetically governed reaction mechanisms 
generally allow relatively little control over the equilibrium surface composition and 
structure. Additionally, such modifications may be temporary and difficult to model.  
One potential method to modify and control polymer surface properties is through 
the preferential migration of low surface energy components or additives to the polymer-
air interface. Such components include polyhedral oligomeric silsesquioxane (POSS) 
nanostructured chemicals. POSS molecules possess an inorganic core of controlled size (-
Si8O12 for 8 membered rings) with organic functionality at the corners. Thus, POSS can 
be easily incorporated into a polymer system by covalent attachment via the organic 
functionality or by physical blending. Significant surface segregation of POSS particles 
to the air interface in polymeric materials results in dramatic effects on surface properties 
including morphology, wettability, hardness,  and tribology.12,13,14 Fluorination of POSS 
molecules enhances surface migration, and has been shown to provide polymeric 
materials with  hydrophobic and oleophobic properties, thermal stability, optical 
transparency, solvent compatibility, and environmental stability.15,16  
In the past decade, groups such as Mabry et al.15, 17, Iacono et al.18,19, and Ramirez 
et al.20,21,22 have reported facile synthetic strategies to produce fluorinated POSS (F-
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POSS) molecules of varying structures. Improved surface properties on incorporation of 
F-POSS either by blending or covalent attachment have been reported for a number of 
polymer systems.23 Enhanced dewetting and oleophobic behavior has been observed in 
blends of F-POSS with polycarbonate24, poly(methylmethacrylate) (PMMA)25,26, 
poly(ethymethacrylate) (PEMA)26, poly(butyl methacrylate) (PBMA)26, 
perfluorocyclobutyl (PFCB)19,27, and epoxy thermosets28. However, crystalline 
aggregates of F-POSS generally form in blended systems, which can limit 
surface/interfacial distribution, cause a loss of transparency, and be detrimental to bulk 
mechanical properties. Grafting and copolymerization of F-POSS has been shown to limit 
aggregation.12 Koh et al. synthesized a tadpole shaped hybrid polymer with an inorganic 
head of fluorinated POSS and an organic tail of PMMA blended with a neat PMMA 
system.29 X-ray photoelectron spectroscopy (XPS) and neutron reflectivity (NR) studies 
revealed a high concentration of POSS moieties on the film surface resulting in a 
significant increase in the water contact angle and surface hardness when compared to 
neat PMMA. Versatile architectures of F-POSS copolymers have also been 
synthesized.12,30 Qiang and coworkers used atom transfer radical polymerization (ATRP) 
to polymerize fluorinated acrylate copolymers from an octa(chloropropylsisesquioxane) 
(OCP-POSS) core.31 The star-shaped hybrid copolymers produced hydrophobic 
honeycomb-patterned porous films that demonstrated prolonged resistance to acid-base 
conditions and great potential in filtration, tissue engineering, and marine antifouling 
applications. There are few reports, however, on the surface properties and morphology 
of hybrid, branched polymer systems possessing a fluorinated POSS core, which are 
predicted to yield novel, self-assembled structures.30,32 
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While the reported properties of F-POSS/polymers systems demonstrate the 
surface modification potential of the molecules, there are a few cases of practical F-POSS 
exploitation in existing commercial polymers. Surface property investigations reported to 
date have focused primarily on the hydrophobicity and oleophobicity of F-POSS/polymer 
surfaces, and there is a lack of information on the nanomechanical properties and 
nanophase separation. In this paper, we report the synthesis of a novel octa-functional 
perfluorcyclopentenyl-POSS (PFCP-POSS) and its grafting to a commercial PESU 
system. Polymer structure and dimensions are characterized using nuclear magnetic 
resonance spectroscopy (NMR), gel permeation chromatography (GPC), transmission 
electron microscopy (TEM), and static and dynamic light scattering. Films are analyzed 
by XPS, NR, atomic force microscopy (AFM), scanning electron microscopy (SEM), and 
contact angle goniometry.  
Experimental 
Materials 
 Commercial PESU was supplied by Solvay Specialty Polymers USA, L.L.C. as a 
white powder. PESU chains are end-capped with functional phenolic (OH) groups 
ranging from 50-200 µeq/g according to titration.  The PES used in this work is 
commercially available under the trade name Virantage®PESU (Figure 4.1). Octasilane-
POSS was obtained from Hybrid Plastics. Deuterated dimethyl sulfoxide (d6-DMSO) and 
deuterated chloroform (CDCl3) were supplied by Sigma-Aldrich and stored in a 
desiccation chamber until use. Anhydrous dimethylformamide (DMF), anhydrous 
tetrahydrofuran (THF), methanol (MeOH), dichlorobenzene, perfluorocyclopentene, 
triethylamine (TEA), eugenol, and cesium carbonate (Cs2CO3) were obtained from 
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Sigma-Aldrich.  Anhydrous solvents were supplied in sealed bottles and were removed 
through a syringe to avoid laboratory exposure. The TEA was distilled over CaH2 and the 
eugenol was distilled under reduced pressure prior to use. Silicon wafers (5 mm thick, 75 
mm diameter) were obtained from El-Cat, Inc., Ridgefield Park, NJ, USA.  In each case 
that a polymer solution was filtered, a Whatman polytetrafluoroethylene (PTFE) 
membrane filter (0.25µm pore size) was used. 
 
Figure 4.1. Structure of -OH end-capped commercial PESU. 
Sample Preparation 
Synthesis of 4-allyl-1-(2,3,3,4,4,5,5-heptafluorocyclopenten-1-yl)oxy-2-methoxy-
benzene (Compound 1). A 25 mL round bottom flask, equipped with a stir bar, was 
charged with DMF (15.0 mL), TEA (2.10 mL, 15.15 mmol), and eugenol (2.30 mL, 
14.85 mmol).  The solution was stirred under N2, and then perfluorocyclopentene (2.10 
mL, 15.65 mmol) was added, using a syringe.  The solution was stirred, at room 
temperature, for 30 minutes.  GC-MS was utilized to verify the conversion of reactants to 
products.  The solution was washed with brine and the organics were extracted with 
ether, dried with MgSO4, vacuum filtered, and concentrated under reduced pressure. The 
concentrated filtrate was added to a silica gel plug and then washed with hexane (250 
mL).  All volatiles were removed under reduced pressure. Compound 1 was obtained as a 
clear and colorless liquid (4.62 g, 87.4 %).  1H NMR(CDCl3, 400 MHz): 7.10 (d, 
aromatic, 1H, 3JHH = 8.4 Hz), 6.78-6.76 (m, aromatic, 2H), 5.96-5.92 (m, vinyl, 1H), 
5.11-5.06 (m, vinyl, 2H), 3.83 (s, -OCH3, 3H), 3.38 (d,  CH2=CHCH2C-, 2H, 
3JHH = 6.8 
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Hz). 13C NMR(CDCl3, 100 MHz): 150.5 (aromatic C), 140.8 (aromatic C), 140.3 
(aromatic C), 136.5 (CH2=CHCH2-), 120.6 (aromatic CH), 120.3 (aromatic CH), 116.0 
(CH2=CHCH2-), 112.7 (aromatic CH), 55.2 (-OCH3), 39.8 (CH2=CHCH2-). 
19F 
NMR(CDCl3, 376 MHz):  -115.2 – (-115.3) (m, 2F), -115.9 – (-116.0) (m, 2F), -129.6 – 
(-129.7) (m, 2F), -156.9 – (-157.0) (m, 1F). 
Synthesis of Perflurocyclopentenyl-Polyhedral Oligomeric Silsesquioxane 
(PFCP-POSS, compound 2). A 25 mL round bottom flask, equipped with a stir bar, was 
charged with Compound 1 (1.80 g, 5.05 mmol) and 1 drop of Karsteadt’s catalyst.  The 
OctaSilane POSS (0.62 g, 0.61 mmol) and THF (1.0 mL) were added last.  The solution 
was stirred in a sealed container at room temperature, overnight.  The solution was added 
to a silica gel pad and washed with a 1:9 ether:hexane solution (100 mL). This filtrate 
was discarded and silica gel pad was then flushed with ether (200 mL). The ether filtrate 
was concentrated and Compound 2 was obtained as a light golden yellow viscous gel 
(1.81 g, 76.9%). 1H NMR(CDCl3, 400 MHz): 7.04 (d, aromatic, 8H, 3JHH = 8.0 Hz), 
6.70-6.65 (m, aromatic, 16H), 3.79 (s, -OCH3, 24H), 2.54 (t, -Si(CH3)2CH2CH2CH2-, 
16H, 3JHH = 7.6 Hz), 1.63-1.59 (m, -Si(CH3)2CH2CH2CH2-, 16H), 0.60-0.55 (m, -
Si(CH3)2CH2CH2CH2-, 16H), 0.07 (s, -Si(CH3)2CH2CH2CH2-, 48H). 
13C NMR(CDCl3, 
100 MHz): 150.2 (aromatic C), 142.3 (aromatic C), 140.4 (aromatic C), 120.4 (aromatic 
CH), 120.3 (aromatic CH), 112.7 (aromatic CH), 55.7 (-OCH3), 39.2 (-SiCH2CH2CH2-), 
24.7 (-SiCH2CH2CH2-), 17.2 (-SiCH2CH2CH2-), -0.5 (-Si(CH3)2CH2-). 19F NMR(CDCl3, 
376 MHz):  -115.3 (d, 16F, 3JFF = 12.0 Hz), -116.0 (d, 16F, 3JFF = 10.9 Hz), -129.7 (s, 
16F), -157.2 – (-157.3) (m, 8F). 29Si (CDCl3, 99 MHz): 13.6, -108.2. 
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Grafting PESU to PFCP-POSS. Commercial PESU was fractioned into systems 
of narrowed molecular weight distribution via a fractional precipitation method outlined 
in a previous publication.33 A 50 mL r.b. flask, equipped with a magnetic stir bar, was 
charged with DMF (10 mL), Cs2CO3 (50 mg) and fractionated PESU (1 g) and stirred 
under N2 until fully dissolved. Separately, PFCP-POSS (compound 2) was dissolved in 5 
mL of DMF under N2. Upon dissolution, the PFCP-POSS solution was added to the 
PESU solution using a syringe.  The solution was stirred under N2 at 60 °C for 48 hours. 
After completion, the coupled product was repeatedly precipitated into MeOH until all 
unreacted PFCP-POSS was removed, verified via 19F-NMR.  The final product was dried 
in a convection oven and stored in a desiccation chamber until further analysis.  PFCP-
POSS labeled PESU (FP-PESU) was characterized via fluorine nuclear magnetic 
resonance (19F-NMR, Bruker 600 MHz) by monitoring the disappearance of the fluorine 
peak at -157.2 ppm corresponding to the sp2 fluorine on the cyclopentenyl ring.  
Film Preparation. For solution cast films of PESU and FP-PESU, solutions were 
prepared in DMF with 5 wt% polymer.  The solutions were applied to glass plates and 
placed in a vacuum oven at 30°C and an absolute pressure of 20 kPa to prevent rapid 
flashing of the solvent.  The temperature was increased at a rate of 30 °C per hour, for 
five hours, until 150 °C was reached.  Pressure was gradually reduced each time the 
temperature was increased until maximum vacuum was achieved at around 1-2 kPa.  The 
films were left in a vacuum oven overnight and placed in a convection oven at 200 °C for 
1 h to remove remaining solvent.  Films were stored in a desiccation chamber until 
analysis. Thin FP-PESU films (100-200 nm) were prepared for neutron reflectivity by 
spincoating from DMF/dichlorobenzene solutions onto silicon wafers. Prior to 
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spincoating, the silicon substrates were cleaned by an ozone plasma for 20 min, and were 
then boiled for 1.5 h at 90 °C in a bath of concentrated H2SO4/ H2O2 (70/30 vol%/vol%). 
Immediately following spincoating, wafers were baked at 60 °C for 10 minutes to remove 
solvent. Prior to NR experiments, films underwent annealing at 235 °C (5°C above the 
glass transition temperature of PESU) for 3 hours to obtain a thermodynamic equilibrium.  
Characterization 
Gel Permeation Chromatography (GPC). Weight average molecular weight (Mw), 
number average molecular weight (Mn), and dispersity (Ð) of synthesized PFCP-POSS 
were determined using a Polymer Laboratories GPC 200 system, operating at 40 °C, 
using a PLgel Mixed-B LS GPC column (Polymer Laboratories Inc.).  THF was used as 
the mobile phase at a flow rate of 1.0 mL/min.  Sample concentrations were 
approximately 5 mg/mL in THF, with an injection volume of 200 μL.  All molecular 
weights were reported relative to narrow dispersity polystyrene standards (Polymer 
Laboratories Inc., Easical PS-H) and RI detector signals were simultaneously recorded 
and molecular weights and Ɖ’s were calculated using Cirrus software (Polymer 
Laboratories Inc). Mw, Mn, and Ð of neat PESU and grafted FP-PESU was determined 
using a GPC system equipped with a Waters Alliance 2695 separation module, an on-line 
multiangle laser light scattering (MALLS) detector operating at 690 nm (MiniDawn, 
Wyatt Technology Inc.), an interferometric refractometer (Optilab DSP, Wyatt 
Technology Inc.) operating at 65 °C, and two PLgel GPC columns (Polymer Laboratories 
Inc.) connected in series. DMF/0.02 M LiBr was used as the mobile phase at a flow rate 
of 0.5 mL/min. Sample concentrations were approximately 5-10 mg/mL in DMF, with an 
injection volume of 100 μL. Detector signals were simultaneously recorded and absolute 
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molecular weights and Ɖ’s were calculated using ASTRA software (Wyatt Technology 
Inc.).  
Light Scattering. Variable-angle dynamic light scattering (DLS) and static light 
scattering (SLS) measurements were collected using incident light of 633 nm from a 
Spectra Physics Model 127 HeNe laser operating at 40 mW.  For SLS, the angular 
dependence of the autocorrelation functions was measured using a Brookhaven 
Instruments BI-200SM goniometer with an avalanche photodiode detector and TurboCorr 
correlator. The mutual diffusion coefficients (Dm) were calculated from Equation 2.2. The 
hydrodynamic radius (Rh) was then calculated from the Stokes–Einstein equation 
(Equation 2.3). SLS measurements were also performed on polymer solutions using the 
same instrument described above. The angular dependence of the inverse excess 
scattering intensity (Iex) was analyzed via Zimm formalism yielding the radius of gyration 
(Rg) from the slope and Mw of the polymer from the intercept.
34 Samples were dissolved 
in DMF/0.02 M LiBr (0.001 – 0.009 g/mL solutions).  The solutions were filtered 
through a 0.25 μm filter directly into scattering cells. 
Solution Rheology. Viscoelastic properties of neat PESU and FP-PESU samples 
in DMF were measured using a TA Instruments stress controlled ARES rheomoeter, 
using the cone-plate measuring system; the cone had an angle of 0.04 radians, and a 
diameter of 50 mm. Sample temperature was maintained within 0.1°C of 25°C, by means 
of an environmental control chamber. Dynamic strain sweeps from 0.1-1000% were 
conducted to locate the linear viscoelastic regime of the solutions.  Dynamic frequency 
sweeps from 0.1-100 rad/s were performed on 5 wt.% solutions. Testing of samples was 
performed in triplicate. In solution rheology experiments the max frequency is limited, 
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and data resolution is lost at higher frequencies (i.e f>100 rad/s); therefore, data 
collection was limited to 100 rad/s.  
X-ray Photoelectron Spectroscopy (XPS). Surface chemical composition of 
solution cast polymer films was examined by XPS located at the Central User Facility at 
the University of Alabama, Tuscaloosa, AL, USA.  The XPS spectra were obtained using 
a Kratos AXIS 165 multi-technique electron spectrometer equipped with a 
monochromatic (Al) X-ray source operating at 4.0x10-7 torr, 16 kV, and 12 mA.  Films 
were analyzed using a pass energy of 160 eV for survey scans and 20 eV for high 
resolution scans.  High resolution scans were conducted for the O1s, C1s, S2P, and F1s 
nuclei. Scans were collected in duplicate to ensure that X-ray induced damage of the 
surface was not altering the resulting XPS spectra. A coaxial charge neutralizer was 
applied across the film during measurement to eliminate surface charging.  The electron 
energy analyzer used was a 165 mm mean radius concentric hemispherical analyzer 
equipped with 8 channeltron detectors.  Instrument control, data acquisition and data 
analysis were performed through the Kratos Vision 1.5 software.  XPS spectra were 
analyzed using a Peak Fit v4.12 deconvoluting program. Three macroscopically different 
areas of each surface were analyzed to ensure consistency across the sample surface.  
Neutron Reflectivity (NR). NR measurements were performed on the Liquids 
Reflectometer (BL-4B) at the Spallation Neutron Source (SNS) located at Oak Ridge 
National Laboratories (ORNL), Oak Ridge, TN, USA. NR experiments were conducted 
on spin-coated single layer polymer films to determine the thickness and roughness of the 
layers by irradiating a neutron beam from the air side. The Liquids Reflectometer is a 
horizontal geometry instrument using the time-of-flight technique with neutrons of 
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wavelength 2.5−17.5 Å with an effective single bandwidth of 3.5 Å at an accelerator 
pulse frequency of 60 Hz. For these measurements a single-wavelength band centered at 
4.25 Å, together with seven incidence angles (θ = 0.2°, 0.27°, 0.34°, 0.48°, 0.6 2°, 1.12°, 
and 2.01°), provided a wave vector transfer (q) range extending from 0.005 to 0.16 Å−1. 
An incidence beam slit was adjusted for each incident angle to maintain a constant beam 
profile on the sample. Analysis of the specularly reflected neutron data was carried out 
using the computer modeling and NRFit fitting program that uses the Parratt formalism to 
calculate reflectivity from a model SLD profile for comparison to the experimentally 
acquired NR data. 
Wide Angle X-Ray Diffraction (WAXD). WAXD spectra were collected Central 
User Facility at the University of Alabama, Tuscaloosa, AL, USA on a Bruker D8 
Discover diffractometer (CuKα radiation, λ = 1.542Å) at room temperature using Bragg-
Brentano parafocusing geometry (reflection mode XRD). X-ray information was obtained 
from powdered samples placed onto the sample stage and examined at angles from 2θ=1-
60° at a step rate of 1°/s. 
Transmission Electron Microscopy (TEM). TEM experiments were conducted on 
a Zeiss LIBRA 80 operated at 80 kV acceleration voltages. A droplet of the sample 
solution (4 μL, 1 mg/mL polymer concentration in DMF) was cast on copper grids (300 
mesh, carbon film supported) and dried under vacuum. The TEM grids were then stained 
by RuO4 vapors for two hours before performing TEM imaging.  
Atomic Force Microscopy (AFM). Quantitative nano-mechanical mapping (QNM) studies 
were conducted on a Bruker Dimension Icon Scanning Probe Microscope in a 
temperature (23 °C) and humidity (50%) controlled room with a standard Veeco RTESP 
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silicon probe (cantilever length, 125 μm; nominal force constant, 40 N/m; and resonance 
frequency, 350 kHz). Samples were stored in a humidity controlled chamber and 
measurements were conducted on the same day to minimize environmental effects.  
Height, DMT modulus, and adhesion images were collected simultaneously. The DMT 
modulus and adhesive forces measured in QNM are not absolute measurements but are 
based on calibration of the instrument and are therefore used as a means of comparison 
between the different samples.  The image size ranged from 500 × 500 nm2 to 5 × 5 μm2, 
while the resolution was held constant at 512 × 512 data points. At least three 
macroscopically separated segments of each film were analyzed and representative 
images are shown. All standard image processing techniques were performed using 
Nanoscope version 5.30 r2 image analysis software. 
Scanning Electron Microscopy (SEM). Surface morphology and microstructural 
features were investigated by a field emission scanning electron microscope (FE-SEM, 
Zeiss Sigma VP). Solution cast films were directly imaged in the electron microscope 
after a proper sample preparation of sputter-coating with silver. The dispersion of PFCP-
POSS particles in the PESU films were characterized by the energy dispersive X-ray 
spectroscopy (EDAX) analysis on the sample images. 
Contact Angle Goniometry. Contact angle measurements were conducted via the 
sessile drop technique using a Rame’-Hart goniometer coupled with DROP-image data 
analysis software. The static contact angle formed by drops of HPLC grade water and 
hexadecane was measured on each polymer surface immediately after deposition. Ten 
droplets of each test fluid were analyzed at different locations on each polymer surface to 
ensure an accurate representation of the surface. The solid-vapor surface energies (γSV) of 
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the films are calculated from the measured contact angles of water (θw) and hexadecane 
(θHD) on the polymer surface using the Owens-Wendt model given by Equation 2.6.35 
The polar (γSVp) and dispersive (γSVd) components of the Owens-Wendt model are found 
by combining Good’s and Young’s equations in Equation 2.6, where the only unknowns 
are γSVd and γSVp.  The contact angles of water and hexadecane on each polymer surface 
are used to solve for the polar and dispersive components of each solid surface by 
Equation 2.7.  
Results and Discussion 
Synthesis of PFCP-POSS.  
It has been demonstrated that perfluorocyclopentene (PFCP) readily undergoes 
nucleophilic addition-elimination reactions with phenolic compounds, using relatively 
mild reaction conditions.36,37 Employing a similar methodology, compound 1 was 
obtained in  high yield by reacting eugenol with a slight excess of PFCP (~5 mol%), in 
the presence of TEA (Scheme 4.1).  PFCP is very volatile and although care was taken to 
minimize off-gassing, a slight excess was needed.  It should be noted that even if an 
excess of eugenol and mild heat is utilized, the only product obtained is 1.  Compound 1 
can then be reacted with OctaSilane POSS via a hydrosilylation reaction, using Karstedt’s 
catalyst, to produce the fluorocyclic POSS material, 2. Compounds 1 and 2 were fully 
characterized by multi-nuclear NMR (1H, 13C, 19F, 29Si). Selected detailed analysis by 1H 
NMR demonstrates the full conversion of intermediate 1 by monitoring the disappearance 
of the vinyl peaks (5.96-5.92 and 5.11-5.06 ppm, Figure 4.2a) and formation of the new –
CH2- bonds of 2 (1.63-1.59 and 0.60-0.55 ppm, Figure 4.2b).  Figure 4.2c shows the 
19F 
NMR of compound 2 with four signals present in a 2:2:2:1 ratio corresponding to the 
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PFCP.  When comparing the 19F NMR of 2 to intermediate 1, no significant peak changes 
are observed, indicating the stability of the PFCP ring to hydrosilylation. The 29Si NMR 
of 2 is shown in Figure 4.2d and has two characteristic chemical shifts, one at 13.6 ppm 
arising from -OSi(CH3)2- in the R group, and one at -108.2 ppm, assigned to the Q-
siloxane silicon atoms of the POSS cage. The molecular weight and distribution of 
compound 2 (PFCP-POSS) were characterized by GPC, SLS, and DLS methods and 
summarized in Table 4.1. GPC data revealed an Mw of 4800 g/mol and Ɖ of 1.08. SLS is 
known to lead to poor resolution for low molecular weight compounds38 and the data for 
PFCP-POSS could not be fit to a Zimm plot, therefore, Mw could not be measured by 
SLS. DLS experiments, however, yielded an Rh of approximately 1.6 nm which is 
comparable to what would be predicted for octasilane POSS cages.39 
 
Scheme 4.1. Synthesis of 2 utilizing a hydrosilylation reaction with intermediate 1. 
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Figure 4.1. A) 1H NMR of 1 (400 MHz, CDCl3). B.) 1H NMR of 2 (400 MHz, CDCl3). 
C) 19F NMR of 2 (376 MHz, CDCl3). D) 29Si NMR of 2 (99 MHz, CDCl3). Full 
conversion of intermediate 1 to 2 is verified by the disappearance of the vinyl 1H peaks 
(5.96-5.92 and 5.11-5.06 ppm), 19F NMR demonstrates stabilization of PFCP ring to 
hydrosilylation, and 29Si confirms the purity of the product. 
Grafting of PESU to PFCP-POSS 
A novel, fluorinated-POSS/PESU polymer was synthesized via the nucleophilic 
addition-elimination reaction between the phenolic chain ends of commercial PESU and 
the sp2 fluorine of synthesized PFCP-POSS (Scheme 4.2). In order to develop a 
controlled, well-characterized system commercial PESU (Ɖ>2) was fractionated into 
systems of narrowed Ɖ prior to reaction with PFCP-POSS. Fractionation experiments 
were carried out using a fractional precipitation method outlined in a previous 
publication.33 The molecular weight, distribution, and polymer dimensions of the selected 
PESU fraction used in this work are summarized in Table 4.1. Fractionated PESU (3, Mw 
= 30,100 g/mol, Ɖ = 1.4) was reacted with the synthesized PFCP-POSS core (2) using a 
1:1 molar ratio of –OH groups to reactive sp2 fluorine in the presence of Cs2CO3. 
(A) 
(B) 
(C) (D) 
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Successful grafting of the polymer was confirmed by 19F-NMR that showed the 
disappearance of the reactive fluorine peak at -157 ppm (Figure 4.3). The product (4) will 
be referred to as FP-PESU where ‘FP’ stands for ‘fluorinated POSS’. All NMR spectra, 
including peak assignments, can be viewed in the Appendix (A11 – A17) 
Table 4.1 
Summary of GPC, SLS, and DLS data for PESU, PFCP-POSS, and FP-PESU. 
 GPC Analysis SLS and DLS Analysis 
Sample 
Mw 
(g/mol) 
Mn 
(g/mol) 
Ð 
Mw 
(g/mol) 
Rg    
(nm) 
Rh    (nm) Rg/Rh    
(nm) 
Neat PESU 30,100 20,800 1.44 31,700 12.2 4.6 2.6 
PFCP-POSS 4800 4400 1.08 n/aa n/aa 2.5 n/aa 
FP-PESU 200,100 62,000 3.23 180,900 26.0 10.7-42.9 2.2 – 0.6 
aCould not obtain Zimm plot fit to small molecule PFCP-POSS due to low molecular weight 
 
 
Scheme 4.2. Grafting PESU (3) to PFCP-POSS (2) via a nucleophilic addition-
elimination  reaction between the –OH chain end and Sp2 F. Grey bead represents the 
octa-silane POSS cage possessing 8 total R groups converted to R’ upon reaction with 
PESU chain ends. 
 
 
 
R R’ 
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Figure 4.3. 19F NMR of FP-PESU (600 MHz, d6-DMSO). Grafted product shows three 
characteristic F peaks corresponding to the six cyclic F groups and the disappearance of 
the sp2 F peak at -157 ppm after reacting PESU with PFCP-POSS. 
Solution Properties 
FP-PESU Size and Distribution. Complete reaction of the stoichiometric mixture 
of di-functional PESU with octa-functional PFCP-POSS would yield an insoluble gel.  
However, the FP-PESU product remained soluble showing no visible gelation during 
reaction (3 days). GPC of FP-PESU shows a broad distribution with Mw of 200,000 
g/mol, approximately six times higher than the neat PESU (Table 4.1 and Appendix 
A18).  SLS shows similar FP-PESU Mw of 180,000 g/mol and Rg of 26 nm, 
approximately double the Rg of neat PESU.  DLS analysis indicates that FP-PESU 
solutions are a mixture of molecules with different size distributions (Figure 4.5b).  The 
primary, fairly narrow distribution at 11 nm shows average Rh approximately double that 
of the neat PESU.  Two larger, broad distributions are observed at average Rh of 27 nm 
and 43 nm.  TEM images of drop cast solutions revealed isolated near-spherical particles 
with diameters ranging from 20 – 80 nm, corresponding to the diameters observed in 
SLS.  The ratio ρ = Rg/Rh provides a measure of polymer conformation in solution. The ρ 
values reported in Table 4.1 show that neat PESU adopts an extended, rod-like 
conformation in DMF (ρ > 2.2 nm), while the FP-PESU molecules are partially coiled or 
spherical  (ρ = 0.6 – 2.2).40 Polymer nanospheres displaying similar size distribution were 
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also observed in bulk samples, as evidenced in AFM analysis discussed later. Together, 
these results suggest that primary branched molecules are approximately 22 nm in 
diameter and larger structures of 40 to 80 nm exist. The structures are attributed to partial 
reaction of PFCP-POSS with PESU chain ends, as illustrated in Figure 4.4.  The primary 
population with Rh of 11 nm represents a single POSS core with multiple PESU branches. 
The larger size distribution fractions consist of multimers formed from reaction of both 
PESU chain ends with separate POSS molecules. Due to the high molecular weight of the 
neat PESU chains, collision frequency between the phenolic chain ends and reactive 
fluorine groups is expected to be low, thus we assume that some PFCP-POSS molecules 
possess unreacted sp2 fluorine groups, even though this was not detected in 19F-NMR . 
Steric hindrance and PESU rigidity may preclude reaction of all eight functional groups 
on the F-POSS corona.  
 
Figure 4.4. Schematic of synthesized FP-PESU structures. The primary population with 
Rh of 10 nm represents a single POSS core with multiple PESU branches. The larger size 
distribution fractions consist of multimers formed from reaction of both PESU chain ends 
with separate POSS molecules. 
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Figure 4.5. DLS size plots for (A) PFCP-POSS (Rh = 1.6 nm) and neat PESU (Rh = 4.6 
nm) and (B) FP-PESU showing a distribution of sizes (Rh = 10.7 – 42.9 nm). (C) TEM 
images of FP-PESU showing spherical particles ranging from ~20 – 80 nm in diameter. 
FP-PESU samples were stained with RuO4. 
Solution Rheology. Solution rheology profiles for neat PESU and FP-PESU show 
characteristic transitions from a viscous solution (G’<G’’) to an elastic gel (G’>G’’) with 
increasing frequency (ω),41 with surprisingly little difference between the two systems 
(Figure 4.6). A noticeable decrease in the measured moduli is observed in the FP-PESU 
sample, attributed to its star-like structure which reduces the entanglement density and 
essentially “softens” the polymer chains.42 Similar behavior has been reported by 
Kopesky et al. in PMMA systems tethered to pendent POSS groups.42 Additionally, the 
G’ crossover point (when G’ is greater than G’’) shows a shift from ~16.3 rad/s for neat 
PESU chains to ~26.5 rad/s for FP-PESU.  This is further indication of a less entangled 
state in the FP-PESU system.  
0.0 10.0 20.0 30.0 40.0 50.0 60.0
Rh (nm)
FP-PESU
0
20
40
60
80
100
120
0 2 4 6 8 10 12 14
In
te
n
si
ty
 (
co
u
n
ts
)
Rh (nm)
Neat PESU
PFCP-POSS
150 nm 150 nm 
(A) (B) 
(C) 
 
 
110 
 
 
Figure 4.6. Storage modulus (circles) and loss modulus (dashes) versus frequency of 5 
wt.% solutions of neat PESU (----) and FP-PESU (----) in DMF (log-log plots), shows 
lower modulus and reduced entanglement for branched FP-PESU polymers 
Surface Composition and Depth Profiles 
FP-PESU samples were cast from DMF solutions and solvent was driven off in a 
vacuum oven to yield films approximately 25-50 μm thick. All films were 
macroscopically smooth and transparent.  No Bragg peaks are detected in the WAXD 
profiles, indicating an amorphous system (Appendix A19 and A20).  
XPS – Surface Composition. XPS survey scans of neat PESU and FP-PESU are 
shown in Figure 4.7 a-b. S2p, C1s, and O1s peaks are labeled on both spectra, and the 
additional Si2p, Si2s, F1s, and F peaks are identified on the FP-PESU spectrum. High 
resolution scans of F1s and S2p (Figure 4.7 c-d) reveal strong F1s peaks, when compared to 
the S2p peak from the PESU chains, indicative of a high concentration of fluorine at the 
surface of the film. The average volume fraction of fluorine on the surface (ϕave), with 
respect to PESU, is calculated by using Equation 4.1 and taking the atomic ratio of the F1s 
and S2p peak intensities (IF1s/IS2p).
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where MPFCP is the molecular weight of PFCP-POSS, ρPFCP is the mass density of PFCP-
POSS, MPESU is the molecular weight of the PESU repeat unit, and ρPESU is the mass 
density of the PESU backbone.43,44 The volume fraction of PFCP-POSS on the surface 
(based on XPS data) and the calculated volume fraction of PFCP-POSS in the bulk 
(based on the chain end equivalent in commercial PESU) are compared in Table 4.2. XPS 
analysis reveals a volume fraction of 62% of fluorine on the film surface with respect to 
sulphur while the calculated bulk volume fraction of PFCP-POSS is only 14%. This is 
evidence of a PFCP-POSS rich surface layer at the air-interface of FP-PESU films and is 
attributed to the low surface energy of semi-fluorinated POSS compounds.  
 
Figure 4.7. (A-B) XPS survey scans of (A) neat PESU surface and (B) FP-PESU 
showing the appearance of F and Si peaks. (C-D) High resolution scans of F1s (C) and S2p 
(D) show an average volume fraction of 62% PFCP-POSS on the FP-PESU surface.  
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Table 4.2 
 
 Summary of XPS data for FP-PESU. 
 
IF1s/IS2p φPFCP 
(Bulk) 
φPESU 
(Bulk) 
φave* 
(Surface) 
0.68 0.14 0.86 0.62 
 
*Average volume fraction of PFCP-POSS (i.e. fluorine) on the surface with respect to PESU (i.e. sulfur). 
Neutron Reflectivity – Depth Profiling. NR experiments provide direct 
information about the overall concentration profile of PFCP-POSS through the depth of 
the polymer film. Figure 4.8a shows the neutron reflectivity data (R) as a function of 
scattering vector, q, for a spincoated FP-PESU film (≈ 200 nm thick). Here, q is given by 
q=(4π/λN)sinθN; where λN and θN are neutron wavelength and incident angle, 
respectively.45 The solid line in Figure 4.8a denotes the best-fit calculated reflectivity of 
the experimental data based on the model scattering length density (b/V). Since the 
calculated curve is in good accordance with the experimental data, the model b/V profile 
corresponds well to the composition profile in the film along the normal direction to the 
surface.46 In the present study, the contrast was primarily provided by the higher b/V of 
the fluorinated PFCP-POSS compounds. Therefore, any localized enhancements of b/V 
values in the resultant profiles reflect the location and spatial distribution of the PFCP-
POSS groups. In Figure 4.8b, the b/V value at the surface is much higher than that in the 
interior bulk region, indicating a PFCP-POSS rich layer at the air-interface of the 
polymer film. A reduction to a constant bulk concentration is observed on the length 
scale of the Rg of the individual PESU chains (≈ 11 nm). Based on these results, we 
suggest that the segregated layer consists of PFCP-POSS molecules arranged on the 
surface with the PESU arms penetrating into the bulk. The segregation of the F and Si 
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segments is attributed to the differences in surface energies of the fluorinated POSS 
segments compared to the PESU backbone, where the lower surface energy drives PFCP-
POSS to the air interface. 
The b/V value at the polymer-substrate (SiO2) interface is also higher than in the 
bulk region. Since the native oxide layer on the Si wafer is hydrophilic, one would expect 
that it would be energetically preferred for the hydrophobic PFCP-POSS molecules to 
migrate away from the substrate. However, it appears that the favorable interaction 
between the Si-O bonds on the POSS cage and the SiO2 layer overcomes the unfavorable 
interactions between fluorine and SiO2 to yield a PFCP-POSS rich layer at the substrate 
interface. Similar interfacial layering was observed by Perahia et al. in PFCB copolymers 
tethered to semi-fluorinated POSS molecules at the chain ends.47  
 
Figure 4.8. (A) Neutron reflectivity profile for FP-PESU with the experimental reflection 
data (■) and best fit model curve (▬) as a function of q. (B) Model scattering length 
density (b/V) profile normal to the surface (z-direction). The depth profile reveals a 
PFCP-POSS rich layer at the air interface, followed by a depletion layer to a bulk 
concentration, and another PFCP-POSS rich layer at the SiO2 interface.  
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Surface Properties 
Nanoscale Surface Properties: Morphology and Nanomechanical Mapping. AFM 
analysis utilizing a calibrated probe with known physical parameters allows 
determination of relative hardness and stiffness of nano-scale features on the surface, and 
thus inference of the composition of the features. Representative QNM mode height (1), 
modulus (2), and adhesion images (3) of neat PESU (a) and FP-PESU (b-d) films are 
shown in Figure 4.9, and the physical parameters measured for the films are summarized 
in Table 4.3. Neat PESU samples yield smooth (RMS = 0.54 nm), homogenous surfaces 
with an average DMT modulus of 3.2 GPa and adhesion force of 19.1 nN. The FP-PESU 
films reveal a substantial increase in surface roughness (RMS = 3.96 nm), modulus (EDMT 
= 15.1 GPa), and adhesion force (Fadh = 75.5 nN) with respect to neat PESU. The 
dramatic change in surface properties is attributed to the high concentration of PFCP-
POSS on the FP-PESU surface as observed by XPS and NR experiments. In our previous 
work, we estimated the DMT modulus of neat POSS to be 15 GPa using an RTESP 
calibrated tip.48 Interestingly, FP-PESU samples also demonstrate an increase in adhesion 
force, which usually scales inversely with modulus at the macroscale. The adhesion 
measured by AFM in QNM mode is highly dependent on the interactions between the tip 
and the polymer surface.49 The high adhesion force observed in FP-PESU systems is 
attributed to enhanced interactions between the Si tip (RTESP) and Si-O bonds in the 
POSS cages on the film surface.  
In addition to enhanced nanomechanical properties, FP-PESU surfaces show 
nanoscale phase separated domains (10-50 nm) in the DMT modulus and adhesion 
images. The bright features are attributed to the higher modulus PFCP-POSS phase and 
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the darker regions to the softer PESU phase. At large-scale AFM scans (5 x 5 μm) the 
DMT modulus and adhesion images reveal a continuous bright phase surrounding evenly 
spaced softer features. These features are more clearly seen in the smaller-scale scans (1 
x 1 μm and 500 x 500 nm), where high modulus/adhesion areas surrounding softer, 
spherical domains. We attribute the soft features to phase-separated PESU nanospheres, 
resulting from unfavorable interactions between the hydrophilic PESU branches and 
hydrophobic PFCP-POSS core. Similar phase separation has been reported by Qiang et 
al. in solution cast films of star hybrid fluorinated acrylate polymers with a POSS core 
which formed polymer nanospheres on the surface of films cast from benzene solutions.31 
It has also been shown that the size and distribution of the nanospheres in POSS based 
star polymers is highly dependent on the solvent used for film casting.31  
Table 4.3 
 
 Summary of surface properties measured by AFM and contact angle. 
 
Sample 
RMS 
Roughness 
(nm) 
EDMT 
(GPa) 
θH2O 
(°) 
θHD 
(°) 
γ 
(mJ/m2) 
Neat PESU 0.54 3.2 73.1 (1.1) 21.3 (2.0) 36.3 
FP-POSS 3.96 15.1 102.5 (0.4) 35.3 (3.0) 23.5 
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Figure 4.9. (A1) 5 x 5 μm height image, (A2) corresponding DMT modulus image, and 
(A3) adhesion image of neat PESU. (B1) 5 x 5 μm height image, (B2) corresponding 
DMT modulus image, and (B3) adhesion image of FP-PESU. (C1) 1 x 1 μm height 
image, (C2) corresponding DMT modulus image, and (C3) adhesion image of neat 
PESU. (D1) 500 x 500 nm height image, (D2) corresponding DMT modulus image, and 
(D3) adhesion image of neat PESU. FP-PESU surfaces demonstrate high modulus and 
adhesion forces when compared to neat PESU films. Nanoscale phase separated domains 
(10-50 nm) are observed in the FP-PESU DMT modulus and adhesion images. The bright 
features are attributed to the higher modulus PFCP-POSS phase and the darker regions to 
the softer PESU phase. 
 
A4 B4 C4 
A2 B2 C2 
A3 B3 C3 
A1 B1 C1 
Neat PESU Films 
FP-PESU Films 
800 nm 800 nm 800 nm 
800 nm 800 nm 800 nm 
200 nm 200 nm 200 nm 
100 nm 100 nm 100 nm 
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Microscale Surface Properties: Morphology and Elemental Mapping. EDX 
elemental mapping combined with SEM analysis was performed to characterize the 
microscale surface morphology and composition of the FP-PESU films. Figure 4.10 a1-
c2 shows representative 5X and 10X SEM micrographs and EDX F and Si overlap maps 
of the FP-PESU film surface. The surface appears smooth with highly uniform 
distribution of F and Si in the overlap maps (note that the dimpled features in the 5X scan 
are attributed to effects of solvent evaporation, rather than phase separation). AFM and 
SEM analysis indicates that the covalent attachment of PESU to the POSS core 
successfully suppresses large scale aggregation observed in blended systems48 and results 
in a uniform surface coverage of the segregated PFCP-POSS molecules. 
 
Figure 4.10. SEM and EDS analysis of FP-PESU. (A1-C1) 5X (A1) SEM micrograph 
(B1) F overlay map and (C1) Si overlay map. (A2-C2) 10X (A2) SEM micrograph (B2) F 
overlay map and (C2) Si overlay map. Elemental mapping reveals uniform F and Si 
distribution across FP-PESU surface. 
 
2 μm 2 μm 2 μm 
5 μm 5 μm 5 μm 
F Map Si Map FP-PESU 
A1 B1 C1 
A2 B2 C2 
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Macroscale Surface Properties: Wettability and Surface Energy. Water and 
hexadecane contact angle (θW and θHD) measurements and calculated surface energies for 
neat PESU and FP-PESU are presented in Table 4.3.  Standard deviations were calculated 
following propagation of uncertainty method and are shown in parenthesis next to the 
average values. As expected, the FP-PESU systems demonstrate hydrophobic surfaces 
(θW=102.5°) with an increase in water contact angle of 40% when compared to the neat 
PESU system (θW=73.1°). FP-PESU surfaces are also more oleophobic than neat PESU, 
with a 66% increase in the hexadecane contact angle. This is in line with previous reports 
of production of surfaces that are both hydrophobic and oleophobic on incorporation of 
fluorinated POSS.50,51  Fluorinated compounds demonstrate low surface energy while 
POSS molecules increase the nanoscale roughness of the polymer surface. Additionally, 
the presence of PFCP-POSS on the PESU surface significantly decreases the surface 
energy of neat PESU by 54% which could enhance the anti-fouling capability of PESU 
surfaces and improve performance in marine coatings or filtration membrane 
applications.52  
Conclusions 
  We have demonstrated the facile modification of a commercially available PESU 
system with semi-fluorinated POSS precursors to yield nanostructured surfaces with 
enhanced interfacial properties. Low surface energy, semi-fluorinated POSS was 
synthesized by reacting eugenol with PFCP and subsequently reacting with OctaSilane 
POSS via hydrosilylation to produce an octa-functional fluorocyclic POSS material 
(PFCP-POSS). Commercial PESU was grafted to synthesized PFCP-POSS using mild 
reaction conditions to yield a novel, star-like system with a fluorinated-POSS core (FP-
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PESU) as confirmed by 19F-NMR, GPC, and SLS. DLS and TEM analysis revealed a 
distribution of sizes corresponding to primary branched molecules of approximately 24 
nm in diameter and larger structures (FP-PESU multimers) of 40 to 80 nm. Rheological 
studies demonstrated a significant decrease in entanglement density of FP-PESU when 
compared to the neat PESU systems attributed to the branched structure. 
Surface composition and concentration depth profiles of FP-PESU films were 
characterized by XPS and NR experiments. XPS analysis showed a high surface 
concentration of fluorine in FP-PESU attributed to significant surface segregation of 
PFCP-POSS to the polymer-air interface. Neutron reflectivity experiments of the FP-
PESU films revealed interfacial layering with a PFCP-POSS rich layer at the air interface 
followed by a gradual reduction to a bulk concentration on the length scale of the Rg of 
the neat PESU chains. Concentration depth profiles also showed a slight segregation of 
PFCP-POSS to the Si substrate attributed to favorable interactions between the SiO2 layer 
and Si-O bonds in the POSS cage. The interfacial layering occurring in FP-PESU films 
could potentially be manipulated to develop functionalized surfaces and interfaces that 
can be tailored to enhance coatings adhesion/performance or interfacial adhesion in high 
performing composites. 
Based on a multi-scale morphological analysis of FP-PESU via AFM and SEM 
techniques, it was concluded that the covalent attachment of PESU to PFCP-POSS 
effectively suppresses aggregation and promotes uniform surface coverage of the 
segregated molecules. AFM analysis showed nanoscale phase separation at the FP-PESU 
surface with soft, polymer nanospheres surrounded by harder domains. The formation of 
polymer nanospheres on the surfaces of branched polymer systems has been shown to 
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depend on the solvent from which the films were cast. Preferential migration of PFCP-
POSS to the air-interface resulted enhanced surface properties such as high modulus, 
increased water and oil resistance, as well as a reduction in surface energy when 
compared to neat PESU systems. Enhancing the water and oil resistance of the PESU 
surface allows for further applications in protective coatings such as in corrosion 
prevention.53 
To our knowledge, this is the first report of the synthesis of octa-functional PFCP-
POSS as well as the grafting reaction with end-functionalized, commercial PESU to yield 
a branched system with a fluorinated POSS core. Surface segregation of PFCP-POSS 
molecules demonstrates significant effects on nano, micro, and macro-scale surface 
properties while covalent attachment to PESU chains suppresses POSS aggregation. In 
summary, this work presents a non-toxic, simple modification of a commercial PESU 
system to enhance surface properties and further PESU applications in coatings, 
membranes, and high performing composites.  
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CHAPTER V 
CONTROL OF SULFONE POLYMER SURFACES VIA  
CHAIN RIGIDITY AND VISCOELASTICITY 
Abstract 
The effects of chemical structure and chain rigidity of polysulfone (PSU), 
polyethersulfone (PESU), and polyphenylsulfone (PPSU) on the rheological 
performance, surface tension parameters, and surface morphology were investigated. 
Polymer solutions of varying molecular weight and low distribution were characterized 
via gel permeation chromatography (GPC) and light scattering techniques. Solution 
rheology experiments were carried out in order to characterize the viscoelastic properties 
of the polymer solutions of varying concentration and chemical structure. Surface 
properties were characterized via atomic force microscopy (AFM) and contact angle 
analysis.  Results indicate that slight changes in chain rigidity and chemical structure 
have significant effects on the rheological behavior of the polymer solutions and that 
these effects can be manipulated to tailor the sulfone polymer surface properties. 
 
Figure 5.1. Graphical abstract of proposed work. 
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Introduction 
Polysulfone (PSU), polyethersulfone (PESU), and polyphenylsulfone (PPSU) are 
aromatic, amorphous thermoplastics that demonstrate resistance to prolonged exposure to 
water, chemicals, and temperatures.1 Such performance is ideal for exterior applications 
where contact with atmospheric particulates and chemicals occur. Current research 
focuses on the surface modifications of these polymers, while the structural basis of the 
macroscopic properties of unmodified sulfone polymers is not fully understood.2,3,4,5 
Additionally, for applications where the material is prepared from solution (i.e. 
membranes and protective coatings), the polymer dynamics and interactions between 
chain segments in solution play a pivotal role in the evolution of the polymer surface.6  A 
fundamental understanding of the relationship between the surface properties of the 
polymer films and the solutions from which they are cast will allow development of 
improved processing and more cost effective procedures. 
The film formation process is complex, and many environmental effects may 
affect the molecular arrangement of the polymer chains.  Strawhecker et al. determined 
that the surface roughness of the final film of a glassy, amorphous polymer is high (≈ 50 
nm) when the pure solvent has a high vapor pressure.7 However, this theory does not 
adequately explain the behavior of certain polymer-solvent systems like polystyrene and 
toluene where the surface energy of the polymer is greater than that of the solvent and yet 
the films yield a smooth surface.8  DeGennes et al. developed another theory that posited 
that the outer surface of the film builds up a polymer crust that exhibits a network of 
fracture lines very much like “earth at the bottom of a drying pond” and that the 
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evaporation flows of solvent should then converge towards these fracture lines, and a 
rough interface should appear.8  
Several studies have been conducted on the influence of PSU solution properties 
on membrane structure.9,10,11, For example, Anando et al. analyzed the effect of varying 
molecular weight of PSU dissolved in N-methyl-2-pyrrolidone (NMP) on the formation 
of pores in a PSU membrane.12 It was found that use of higher molecular weight PSU led 
to reduced pore diameter and better control over membrane morphology. This study 
focused on the bulk properties of the PSU membranes while an analysis of how the 
rheological behavior of the solutions influenced specific surface properties was not 
provided.  
Ioan et al. examined the effect of the chemical structure of PSU with bulky 
phosphorus pendant groups on the solution rheology and surface properties of the PSU 
membranes prepared from solution.10 It was concluded that the surface morphology 
(determined via AFM imaging) of the membranes depended on the characteristics of the 
polymer chains that govern the molecular arrangement at the surfaces and the rheological 
properties of the solutions from which the membranes were prepared. Rheology studies 
of PSU in solution showed that the addition of phosphorous pendant groups led to 
increase in the energy barrier of flow and flow activation entropy. This resulted in lower 
surface roughness as well as poorer adhesion of the modified PSU. This modification of 
the PSU chains induced different forms of entanglement in solution, which have been 
shown to affect the surface structure and morphology of the resulting PSU films.4 The 
work of Ioan et al. provides evidence of the importance of solution parameters on surface 
 
 
132 
 
properties, but lacks a fundamental explanation of their conclusions and a comprehensive 
model explaining the observed behavior.4, 10-11, 13 
Very little fundamental work has been reported on investigating the physical 
properties of unmodified PSU chains at the polymer-air interface. The relationship 
between the PSU films and the solutions from which they were cast is also not well 
understood, but it is widely-known to affect the formation of the film surface. It is a 
possibility that this interfacial behavior holds the key to current problems in membrane 
science such as control of pore sizes, surface roughness, and fouling. Typically, control 
of PSU surface properties for commercial applications is achieved by surface 
modification through various chemical or physical processes, such as plasma, chemical 
reaction, surface grafting, or metal coating.14,15,16,17,18,19,20 These kinetically governed 
reaction mechanisms generally allow relatively little control over the equilibrium surface 
composition and structure.21 Additionally, such processes may be expensive and difficult 
to model. Obtaining a better understanding of the parameters that dictate polymer film 
formation and behavior of polymer chains near the surface has the potential to enable 
tailoring of the surface and interfaces of PSU without direct chemical modification.  
Herein we report a fundamental study of the surface and interfacial behavior of 
solution cast PSU, PESU, and PPSU films. The objective of this research is to evaluate 
the effects of fractionation, chain rigidity, and chemical structure of sulfone polymer 
chains on the rheological properties in solution and the surface properties of the solution 
cast films, to establish their processing/morphology/property relationships. The results of 
this study will be compiled to generate a model for the evolution of the surface structure 
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of rigid rod and semi-rigid rod polymer films in order to better predict product 
performance and lifetime. 
Experimental 
Materials 
PSU (pellet form), PESU (powder form), and PPSU (powder form) were supplied 
by Solvay Specialty Polymers, L.L.C.  These polymers are commercially available under 
the trade names Udel® (PSU), Veradel® (PESU), and Radel® (PPSU). Anhydrous N,N-
dimethylformamide (DMF) and anhydrous methanol (MeOH) were obtained from 
Sigma-Aldrich.  Anhydrous solvents were supplied in sealed bottles and were removed 
through syringe to avoid laboratory exposure.  In each case that a polymer solution was 
filtered, a Whatman polytetrafluoroethylene (PTFE) membrane filter (0.25µm pore size) 
was used. 
Fractionation 
Polymer solutions of 5 wt% polymer in DMF were prepared for fractionation.  
Polymers were dried in a vacuum oven at 120 °C for 1 h prior to dissolution.  Polymer 
solutions were kept in an oil bath set to 25 °C in order to maintain the temperature during 
fractionation.  Solutions were slowly titrated with a non-solvent (MeOH) until the cloud 
point.  Cloud point was determined to be the first point of turbidity that did not disappear 
upon stirring.  Cloudy solutions were then centrifuged and the precipitate (fraction) was 
collected.  The polymer/DMF/MeOH solutions were then heated to 80 °C to remove 
MeOH from the system.  After cooling to 25 °C, the solution was again titrated with 
MeOH until the second cloud point.  This entire procedure was repeated until five 
fractions were collected.  Collected fractions were then dried in a convection oven at 200 
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°C and stored in a desiccation chamber until further analysis.  Fractions will be referred 
to as F1-F5 with molecular weight decreasing in the order F1>F2>F3>F4>F5. PSU, 
PESU, and PPSU fractions will be distinguished with the subscript ‘u’ for PSU (Udel), 
‘v’ for PESU (Veradel), and ‘r’ for PPSU (radel): F1u, F1v, F1r. 
Gel Permeation Chromatography 
Molecular weights and molecular weight distributions of fractions were 
determined using a gel permeation chromatography (GPC) system equipped with a 
Waters Alliance 2695 separation module, an on-line multiangle laser light scattering 
(MALLS) detector operating at 690 nm (MiniDawn, Wyatt Technology Inc.), an 
interferometric refractometer (Optilab DSP, Wyatt Technology Inc.) operating at 65 °C, 
and two PLgel GPC columns (Polymer Laboratories Inc.) connected in series. DMF/0.02 
M LiBr was used as the mobile phase at a flow rate of 0.5 mL/min. Sample 
concentrations were approximately 5-10 mg/mL in DMF, with an injection volume of 
100 μL. Detector signals were simultaneously recorded and absolute molecular weights 
and Ɖ’s were calculated using ASTRA software (Wyatt Technology Inc.). A dn/dc value 
of 0.2017 mL/g was used for PSU, 0.1713 mL/g for PESU, and 0.2131 mL/g for PPSU in 
DMF as measured by a Reichert ARIAS 500 refractometer. 
Light Scattering 
Variable-angle dynamic light scattering (DLS) and static light scattering (SLS) 
measurements were collected using incident light of 633 nm from a Spectra Physics 
Model 127 HeNe laser operating at 40 mW.  For SLS, the angular dependence of the 
autocorrelation functions was measured using a Brookhaven Instruments BI-200SM 
goniometer with an avalanche photodiode detector and TurboCorr correlator. The mutual 
 
 
135 
 
diffusion coefficients (Dm) were calculated from Equation 2.2. The hydrodynamic radius 
(Rh) was then calculated from Equation 2.3. SLS measurements were also performed on 
polymer solutions using the same instrument described above. The angular dependence of 
the inverse excess scattering intensity (Iex) was analyzed via Zimm formalism yielding 
the radius of gyration (Rg) from the slope and the effective molecular weight of the 
polymer from the intercept. Samples were dissolved in DMF/0.02 M LiBr (0.001 – 0.009 
g/mL solutions).  The solutions were filtered through a 0.25 μm filter directly into 
scattering cells. 
Solution Rheology 
Dynamic viscosity in DMF was obtained with a TA Instruments stress controlled 
ARES Rheomoeter, using the cone-plate measuring system; the cone had an angle of 0.04 
radians, and a diameter of 50 mm. Sample temperature was maintained within  0.1°C of 
the desired value, by means of an environmental control chamber. Dynamic strain sweeps 
from 0.1-1000% were conducted to locate the linear viscoelastic regime.  Dynamic 
frequency sweeps were conducted at varying temperatures to obtain the dependencies 
between shear stress (σ), shear rate (γ), and viscosity (η). The concentration domain, 
temperature range, and shear stress were set as 0.09–0.19 g/mL, 25–40 °C, and 50–200 
Pa, respectively.  Testing of samples was performed in triplicate. 
Film Preparation 
Polymer films were prepared from the solutions used in the rheological studies.  
The solutions were applied to glass plates and placed in a vacuum oven at 30°C and an 
absolute pressure of 20 kPa to prevent rapid flashing of the solvent.  The temperature was 
increased at a rate of 30 °C per hour, for five hours, until 150 °C was reached.  Pressure 
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was gradually reduced each time the temperature was increased until maximum vacuum 
was achieved at around 1-2 kPa.  The films were left in a vacuum oven overnight and 
placed in a convection oven at 200 °C for 1 h to remove remaining solvent.  Films were 
stored in a desiccation chamber until analysis. 
Wide Angle X-Ray Diffraction (WAXD) 
WAXD spectra were collected at the Central User Facility at the University of 
Alabama, Tuscaloosa, AL, USA on a Bruker D8 Discover diffractometer (CuKα 
radiation, λ = 1.542Å) at room temperature using Bragg-Brentano parafocusing geometry 
(reflection mode XRD). X-ray information was obtained from powdered samples placed 
onto the sample stage and examined at angles from 2θ=1-60° at a step rate of 1°/s. 
Atomic Force Microscopy 
 Atomic force microscopy (AFM) studies were conducted on a Bruker Dimension 
Icon 3000 scanning probe microscope in tapping mode in a temperature (23 °C) and 
humidity (55%) controlled room with a standard Veeco RTESP silicon probe (cantilever 
length, 125 μm; nominal force constant, 40 N/m; and resonance frequency, 350 kHz). 
Height and phase images were collected simultaneously. The image size ranged from 500 
× 500 nm2 to 5 × 5 μm2, while the resolution was held constant at 512 × 512 data points.  
The images shown were chosen to best represent the samples as multiple scans were 
taken for each sample at varying locations on the surface. All standard image processing 
techniques were performed on Nanoscope version 5.30 r2 image analysis software. 
Contact Angle Goniometry 
Contact angle measurements were conducted via the sessile drop technique using 
a Rame’-Hart goniometer coupled with DROP-image data analysis software. The static 
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contact angle formed by drops of HPLC grade water was measured on each polymer 
surface immediately after deposition. Ten droplets of each test fluid were analyzed at 
different locations on each polymer surface to ensure an accurate representation of the 
surface.   
Results and Discussion 
Fractionation 
In order to obtain well-characterized polymer fractions with low dispersity (Ɖ) for 
solution and film studies, fractional precipitation of commercial polymer samples was 
performed, followed by GPC as described in the experimental section.  GPC curves are 
presented in Figure 5.2 and the measured Mw, Mn, and Ɖ for fractionated PSU, PESU, and 
PPSU are summarized in Table 5.1. The fractions showed Mw’s ranging from 30,500-
70,500 g/mol for PSU, 30,000-54,000 g/mol for PESU, and 22,000-33,000 g/mol for 
PPSU with Mw decreasing as a function of fraction number, as expected. In general, Ɖ is 
low (~1.2 to 1.3) in comparison to the unfractionated material (Ɖ>2).  
Fractionation and GPC analysis indicate that slight changes in chemical structure 
and chain rigidity can significantly alter polymer behavior in solution. The range of 
molecular weights decreased in the order of PSU>PESU>>PPSU, respectively. PSU 
fractions yielded the highest molecular weight range and lowest Ɖ, while PPSU and 
fractions demonstrated lower molecular weight and highest Ɖ. Trends in Ɖ could be 
related to the varying degrees of rigidity of the three polymer backbones.  Solution 
properties of rigid rod polymers are difficult to control: the greater the extent of rigidity, 
the higher the Flory-Huggins interaction parameter (χ).22,23,24,25 In other words, there is a 
higher energy cost for interaction between the polymer and solvent.  In the case of large 
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values of χ the polymer chains will be more susceptible to changes in thermodynamic 
conditions of the solvent (i.e. addition of non-solvent) and will easily precipitate out of 
solution.26 Therefore, the high dispersity observed for PPSU fractions is attributed to the 
rigid nature of the polymer backbone.27 Furthermore, GPC curves for PPSU fractions 
revealed additional low molecular weight peaks (Figure 5.2c). These peaks are attributed 
to very stiff, low molecular weight oligomers that precipitate during fractionation and 
contribute to the higher Ɖ observed in PPSU fractions. For all further solution and films 
studies, the bolded fractions in Table 5.1 were used (F5u, F4v, and F1r) in order to compare 
the properties of systems with similar molecular weight.  
Table 5.1 
 
Summary of molecular weight and Ɖ data for fractions of PSU, PESU and PPSU 
measured by GPC. 
 
PSU PESU PPSU 
ID Mw 
(g/mol) 
Mn 
(g/mol) 
Ɖ ID Mw 
(g/mol) 
Mn 
(g/mol) 
Ɖ ID Mw 
(g/mol
) 
Mn 
(g/mol) 
Ɖ 
F1u 70,500 56,700 1.2 F1v 54,100 40,000 1.3 F1r 32,800 21,400 1.5 
F2u 53,500 38,200 1.4 F2v 41,300 28,500 1.4 F2r 31,000 21,100 1.4 
F3u 43,400 31,800 1.3 F3v 39,200 23,100 1.7 F3r 25,700 17,900 1.4 
F4u 36,300 28,600 1.3 F4v 32,800 21,000 1.5 F4r 22,400 18,200 1.2 
F5u 30,500 24,300 1.2 F5v 30,100 20,800 1.4 F5r -- -- -- 
 
*Bolded fractions (i.e. similar Mw’s) will be used in all solution studies 
 
 
 
Figure 5.2. GPC curves for (A) PSU fractions 1-5 (B) PESU fractions 1-5 and (C) PPSU 
fractions 1-5. PPSU GPC curves show low molecular weight peaks indicative of 
oligomers. 
(A) (B) (C) 
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Upon fractionation, it became exceedingly difficult to prepare PPSU solutions in 
DMF required for rheological analysis (discussed in next section). This was unexpected 
since the as-received commercial polymer (Radel®) dissolved in DMF (up to 10 wt.% ) 
after applying heat (80 °C). In an attempt to dissolve the fractionated samples, mixtures 
were prepared in DMF under N2 atmosphere, sonicated, and heated to high temperatures, 
with no success. The PPSU chains appear to undergo a structural change upon 
fractionation that yields a negative second virial coefficient (A2) in DMF (i.e. 
insoluble).26 Figure 5.3 is a schematic of predicted PPSU structural changes. Prior to 
fractionation, the mixture of molecular weights provides a “mesh-like” structure that 
enhances interaction with the DMF solvent molecules). Upon fractionation, the Ɖ 
decreases and the PPSU chains become more extended, decreasing interaction with the 
solvent. The PPSU polymer backbone possesses the highest concentration of phenylene 
groups and thus demonstrates a more extended conformation in solution when compared 
to that of PSU and PESU. Previous light scattering analysis in our group on sulfone 
polymers has shown that smaller molecular weight and lower Ɖ enhance chain rigidity.28 
Based on these findings, it was suspected that the fractionated PPSU chains may undergo 
solvent induced ordering and crystallization. However, no Bragg peaks were detected in 
the WAXD profiles of the PPSU solutions in DMF (at varying polymer concentration), 
indicating an amorphous system (Appendix A21). Fractionated PPSU chains were 
soluble in NMP, however, so all further PPSU solutions studies were performed in NMP. 
Polymer Dimensions 
 Data from SLS and DLS experiments are summarized in Table 5.2. The Mw’s 
determined from generated Zimm plots of the selected polymer fractions are in good 
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agreement with those obtained by GPC. The ratio ρ = Rg/Rh provides a measure of 
polymer conformation and dimensions in solution. Rod like polymers show ratios greater 
than 2.2. The ρ values reported in Table 5.2 indicate that each polymer adopts a rod-like 
conformation.  The calculated ρ values are similar, with PESU demonstrating slightly 
higher flexibility than PSU and PPSU. As expected, PPSU fractions yield the largest Rg 
of the three studied systems indicating a highly extended, rigid polymer backbone.  
 
 
Figure 5.3. Representative images of unfractionated (A) and fractionated (B) PPSU in 
DMF and proposed schematic of polymer structure. 
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Table 5.2 
Summary of SLS and DLS data for fractionated PSU (F5u in DMF), PESU (F4v in DMF), 
and PPSU (F4r in NMP). 
 
Polymer ID Mw 
(g/mol) 
Rg 
(nm) 
Rh 
(nm) 
Rg/Rh 
PSU F5u 32,100 14.5 6.3 2.30 
PESU F4v 30,300 11.8 5.2 2.27 
PPSU F4r 29,100 18.2 7.7 2.35 
 
Dynamic Viscosity in DMF 
 Figure 5.4 (a1-a3) shows the logarithmic plots of dynamic viscosity (η*) as a 
function of shear rate for the selected fractions of PSU, PESU, and PPSU of similar 
molecular weight at three different concentrations in either DMF (PSU and PESU) or 
NMP (PPSU)  at 25 °C. All PSU and PPSU solutions exhibit constant viscosity 
Newtonian behavior over the shear regime studied. PESU solutions show Newtonian 
behavior at low concentrations (0.09 – 0.12 g/mL); but display pseudoplastic behavior, or 
shear thinning, in the more concentrated solutions (0.19 g/mL). Shear thinning in 
polymer solutions is the result of breaking apart of polymer entanglements under shear 
force. PESU solutions thus demonstrate a higher degree of entanglement than PSU and 
PPSU solutions of similar molecular weight and concentration. This is attributed to the 
greater chain flexibility in PESU, as seen in light scattering experiments.  
The polymer viscosity dependencies on concentration presented in Figure 5.4 (b1-
b3) and Table 5.3 are described by a power law: 
                          (5.1) 
xc
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where x increases with increasing temperature and manifests a specific behavior with 
slight changes to the polymer backbone. These dependencies coincide with the theoretical 
predictions for semi-dilute polymer solutions in which entanglements between the 
macromolecules exist.29 Differences in the chemical structure of the three polymers affect 
the rheological properties, manifested by differences in the power law index (slope, x) in 
the log-log plots of viscosity vs. concentration and temperature.  For all three polymers 
slope increases with increasing temperature.  PSU shows the greatest slope, and PESU 
shows the highest temperature dependency. This behavior is assigned to the differences 
in cohesive energy and molar volume for the studied samples.10  
Table 5.3 
 
Summary of viscosity dependence on concentration and temperature for PSU, PESU, and 
PPSU solutions. 
 
Sample T = 25 °C T = 30 °C T = 35 °C T = 40 °C 
PSU η~c4.60 η~c4.68 η~c4.71 η~c4.85 
PESU η~c3.74 η~c3.84 η~c4.18 η~c4.45 
PPSU η~c4.30 η~c4.33 η~c4.42 η~c4.52 
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Figure 5.4. (A) log-log plots of η* vs. f and (B) η* vs. concentration for (1) PSU F5u (2) 
PESU F4v and (3) PPSU F1r solutions. PSU and PESU are dissolved in DMF and PPSU 
is dissolved in NMP. PSU and PPSU show Newtonian behavior at the studied low shear 
rates while high concentration 0.19 g/mL PESU solutions demonstrate shear thinning 
behavior. PSU viscosity shows the greatest dependency on concentration and PESU 
viscosity shows the greatest dependency on temperature. 
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Interactions between the chain segments in a polymer solution can be described 
by the activation energy of flow, EA, which represent the energy barrier for the movement 
of polymer chains in solution30. EA is calculated from an Arrhenius expression: 
RT
EA 0lnln            (5.2) 
where η0 is the zero-shear-rate viscosity, R is the universal gas constant, and T is the 
absolute temperature. Figure 5.5 shows representative plots of the dynamic viscosity of 
PSU, PESU, and PPSU as a function of temperature.  Generally, the solutions follow the 
Arrhenius expression and the resulting EA is influenced by chemical structure. The theory 
of Hirai and Eyring shows that a lower value of η0 is related to a lower value of flow 
activation entropy (ΔS) according to the proportionality relationship:31 
RSe /0
                    (5.3) 
A higher value of ΔS is related to a more rigid structure of the polymer chains prior to 
flow.31 Additionally, a higher value of EA implies a higher energy barrier for the 
movement of an element in the fluid.  EA and η0 values presented in Table 5.4 show that 
PPSU has the highest η0 and thus highest ΔS, explained by the high rigidity of the PPSU 
chains. Interestingly, the highest EA was observed in PESU solutions. Since the energy 
barrier is related to the interactions between chain segments, it is suggested that the high 
degree of entanglement in the PESU solutions (observed in Figure 5.4 b1) contributes to 
the observed EA. 
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Figure 5.5. Plot of ln(η*) vs. 1000/T of (top) PSU F5u (middle) PESU F4v and (bottom) 
PPSU F1r solutions. PSU and PESU are dissolved in DMF and PPSU is dissolved in 
NMP. Curves follow an Arrhenius expression and resulting activation energy is 
influenced by chemical structure with PESU solution showing the highest energy barrier 
for flow. 
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Table 5.4 
 
Summary of η0 and EA for 0.19 g/mL PSU, PESU, and PPSU solutions. 
Sample Concentration (g/mL) η0 (Pa*s) EA (kJ/mol) 
PSU 0.19 0.001 5.2 
PESU 0.19 0.002 9.0 
PPSU 0.19 0.006 8.2 
 
Viscoelastic Behavior 
 Representative log-log plots of storage (G’) and loss (G’’) moduli are shown in 
Figure 5.6 as a function of frequency for 0.09 g/mL solutions of PSU, PESU, and PPSU 
fractions of equivalent molecular weight at 25 °C. PSU and PESU solutions show a well-
defined crossover point from a viscous solution to the plateau region (i.e. G’>G’’) at 
approximately 26.1 Hz and 22.1 Hz, respectively. For PESU solutions, the crossover 
point occurred at lower frequencies indicating a higher degree of entanglements than the 
PSU solution, in agreement with the previously discussed dynamic viscosity data. 
Furthermore, the PPSU solutions did not show a crossover point within the studied 
frequency range (1-100 Hz); evidence of its rigid, less-entangled structure.   
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Figure 5.6. Log-log plots of G’ and G’’ vs. frequency for 0.09 g/mL (1) PSU F5u (2) 
PESU F4v and (3) PPSU F1r solutions. PSU and PESU are dissolved in DMF and PPSU 
is dissolved in NMP. PSU and PESU plots show a well-defined cross-over from a viscous 
solution to an elastic gel. PPSU solutions do not sure a cross-over point within the studied 
frequency range indicating a more rigid, less entangled structure. 
 
Surface Properties – Nanoscale Surface Morphology and Phase Behavior 
 Tapping mode AFM height images of PSU, PESU, and PPSU solution cast films 
(0.09 g/mL) are presented in Figure 5.7. PSU and PESU films are similar, with no 
indication of phase separation, but with small differences in RMS roughness. PESU 
surfaces showed approximately twice the RMS roughness of PSU, attributed to the higher 
degree of entanglements. PPSU surfaces show significantly different morphology and 
phase behavior than PSU and PESU. AFM height and phase images of unfractionated and 
fractionated PPSU films are presented in Figure 5.8. Height images of fractionated 
polymer films reveal raised, crystalline-like features on the surface that are also seen in 
the corresponding phase images. It is hypothesized that during film formation the 
solvent-rich atmosphere acts as an annealing environment,  inducing formation of PPSU 
crystallites film surface.32,33 Crystallization is surface specific, since films remain 
transparent and no Bragg peaks are detected in the WAXD profiles (Appendix A21). 
Interestingly, the surfaces of the unfractionated, commercial PPSU solution cast films 
appear smooth (RMS < 1 nm) with small, isolated raised features, and no apparent 
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crystallites. The differences observed in the morphology of PPSU films cast from 
unfractionated and fractionated polymer solutions is further indication that PPSU chains 
undergo a structural change upon fractionation.   
 
 
Figure 5.7. AFM height images of (1) PSU F5u (2) PESU F4v and (3) PPSU F1r solution 
cast films. PSU and PESU films were cast from DMF solutions and PPSU films were cast 
from NMP solutions. The highest RMS roughness was observed in PPSU films with 
evidence of crystalline like features on the surface. It is hypothesized that the rigid, 
fractionated PPSU chains undergo “annealing” during solvent evaporation that forms 
crystalline domains on the surface while the bulk polymer remains amorphous.  
 
Table 5.5 
 
Summary of surface roughness and wettability of PSU, PESU, and PPSU films. 
 
Sample 
Concentration 
(g/mL) 
R
rms
 
(nm) 
H
2
O Contact 
Angle 
PSU 0.19 0.38 73.6° (2.1) 
PESU 0.19 0.63 83.5° (1.8) 
PPSU 0.19 2.54 92.9° (3.5) 
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Figure 5.8. AFM (A) height and (B) phase images of (1) 5x5 μm2 unfractionated 
commercial PPSU and (2) 5x5 μm (3) 1x1 μm and (4) 500x500 nm2 fractionated PPSU 
(PPSU F1r) films cast from NMP solutions. Unfractionated polymer shows a smooth, 
homogenous surface with isolated crystallites that form on the surface of the film during 
solvent evaporation. Fractionated films show significantly different surface morphology 
with large, crystalline like features observed in height and phase images.  
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Surface Properties – Macroscale Surface Wettability 
  Water contact angle (θH2O) measurements are presented in Table 5.5 and Figure 
5.9. Standard deviations were calculated following propagation of uncertainty method 
and are shown in parenthesis next to the average values. PSU and PESU surfaces 
exhibited hydrophilic properties with PSU showing the highest wettability. PPSU films 
showed hydrophobic properties (θH2O > 90°). This is attributed to the chemical structure 
and the morphology observed in the AFM analysis. The raised crystalline features yield 
high surface roughness which decreases the wettability of the PPSU surfaces.  
 
 
 
Figure 5.9. 3D AFM height images with corresponding water contact angles for (1) PSU 
F5u (2) PESU F4v and (3) PPSU F1r solution cast films. PSU and PESU films were cast 
from DMF solutions and PPSU films were cast from NMP solutions. Water contact 
angles increases with increasing surface roughness as PSU<PESU<PPSU. 
 
Conclusions 
The effect of fractionation, chemical structure, and chain rigidity on the 
rheological properties, surface morphology, and surface wettability of s series of sulfone 
polymer films was investigated. Commercial PSU, PESU, and PPSU were fractionated 
into systems of varying molecular weight and narrowed molecular weight distribution. 
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Solution processability and molecular weight distribution of the polymer fractions 
revealed a dependence on chain rigidity and polymer structure. Interestingly, fractionated 
PPSU demonstrated insolubility in DMF and dramatically different surface morphology 
than unfractionated PPSU chains. This suggests that decreasing the molecular weight 
distribution of PPSU chains may reduce the solution processability of the polymer.  
 Rheological properties of fractionated polymers showed a strong dependence on 
polymer structure, chain rigidity, and concentration. The Arrhenius equation evidenced 
an increase in activation energy of flow in the following order: PSU<PPSU<PESU. This 
implies a higher energy barrier for the movement of an element of the fluid in PESU 
attributed to a greater extent of entanglements, as seen in the viscosity profiles and 
G’/G’’ plots. PPSU solutions demonstrated the highest ΔS due to the highly rigid 
structure of the polymer backbone evidenced in light scattering experiments These 
findings show that slight changes to chemical structure can significantly alter the 
rheological properties and solution processability.  
The solution properties and chemical structure of the polymers determined the 
surface nano- and macro-scale properties of the PSU, PESU, and PPSU solution cast 
films. Surface roughness increased in the following order: PSU<PESU<PPSU. It is 
suggested that surface roughening in PESU systems results from entanglements in 
solution that transfer to the film surface and ultimately cause “rupture” events during 
solvent evaporation. PPSU surfaces demonstrated raised, crystalline like features that 
were not detected on film surfaces prepared from unfractionated, commercial PPSU. It is 
suggested that the highly rigid, fractionated PPSU chains undergo solvent induced 
crystallization on the surface of the film during film casting. This interesting finding 
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could potentially provide an avenue to tailor the surface structure of PPSU films and 
further applications in membranes, coatings, and medical devices.    
To our knowledge, this is the first report of a fundamental overview of rheological 
and surface properties of fractionated systems of PSU, PESU, and PPSU of similar 
molecular weight. Results indicate that fractionation, chain rigidity, and chemical 
structure have a significant effect on the rheological behavior of sulfone polymer 
solutions and that these properties can be manipulated to tailor the surface properties. 
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CHAPTER VI 
PHASE SEPARATION AND PERMEABILITY OF POLYISOBUTYLENE (PIB) 
BASED MIKTOARM STAR POLYMERS 
Abstract 
The phase behavior of (PS-PIB)2-s-PAA miktoarm star terpolymers with varying 
volume fractions of PAA was investigated directly by transmission electron microscopy, 
atomic force microscopy, and small-angle X-ray scattering, and indirectly by 
thermogravimetric analysis and degree of water sorption. The microdomains of (PS-
PIB)2-s-PAA demonstrate a unique and unexpected progression from highly ordered 
cylinders, to lower ordered spheres, to gyroid structures with increasing PAA content 
from 6.6 to 47 wt.%. Interestingly, the phase behavior in the miktoarm star polymer 
system is significantly different from that reported previously for the linear counterpart 
similar composition (PAA-PS-PIB-PS-PAA), where a steady progression from 
cylindrical to lamellar morphology was observed with increasing PAA content. At low 
PAA concentrations, the morphology is driven primarily by the relative solubility of the 
components, while at high PAA content the molecular architecture dominates.  Thermal 
annealing demonstrated the thermodynamic stability of the morphologies, indicating the 
potential for design of novel microstructures for specific applications through precise 
control of architecture, composition, and interaction parameters of the components. 
Introduction 
Multicomponent polymer systems, such as block copolymers and star 
copolymers, are a subject of widespread interest due to their unique morphologies and 
useful properties.1 Of particular significance are thermoplastic elastomers (TPEs) which 
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are composed of glassy outer blocks and rubbery inner blocks that combine the 
mechanical properties of vulcanized rubbers with the processability and recyclability of 
thermoplastics. Phase separation of the glassy blocks into discrete domains results in 
materials that behave as crosslinked rubbers at low temperatures, but can be processed as 
thermoplastics at higher temperatures. The morphology of the systems is determined by 
the block length and composition, and gives rise to the unique thermal, mechanical and 
permeability properties of TPEs. TPEs based on polysiobutylene (PIB) inner blocks and 
polystyrene (PS) outer blocks have been extensively studied with emphasis on using 
controlled/living polymerization techniques to achieve specific block sequences and 
controlled phase separation.1-8 The gas and liquid permeability of these materials can be 
modified through the introduction of a polar phase, such as polyacrylic acid (PAA), 
which provides possibilities for additional triphasic morphologies, which will, in 
principle, allow for the tailoring of different diffusion pathways through the system.9,10  
The synthesis and phase behavior of linear poly[acrylic acid-b-styrene-b-
isobutylene-b-styrene-b-acrylic acid] (PAA-PS-PIB-PS-PAA) pentablock terpolymers as 
potential permselective barrier elastomers with enhanced moisture transmission 
capabilities was previously reported.11 The phase separated morphology was observed 
over a range of compositions, where PAA content was varied and PIB:PS ratio was held 
constant.  A gradual progression from spheres to cylinders to highly ordered lamella was 
observed as the PAA content was increased.  These polymers were prepared via site 
transformation from PS−PIB−PS and are limited to structures in which the third block 
(e.g., PAA) is covalently attached to the PS block. This precludes morphologies 
possessing an interface between PIB and the third block, causing the PAA domains to be 
 
 
159 
 
constrained within the rigid PS cylinders and potentially limiting performance. One way 
to address this issue is to explore new polymer architectures such as a miktoarm star-
branched configuration whereby the third block is covalently attached to the PIB block 
(Scheme 6.1). This structure retains the PS−PIB−PS configuration, maintaining the 
advantageous properties of a TPE while allowing less constriction of the polar PAA 
component.  
While the miktoarm star polymer architecture will retain the desired PS-PIB-PS 
configuration, the phase separated morphology of such systems can be very complex, and 
it can be difficult to obtain a thermodynamically stable system due to the unique chain 
sequence arrangement.12-16 Additionally, relatively few studies have been performed 
which compare the morphological transitions in miktoarm star polymers to those of their 
linear counterparts.13  In the case of a biphasic linear diblock copolymer (A-B), the 
morphology of one component progresses through several characteristic, primary ordered 
phases, from body-centered spheres to hexagonally packed cylinders to double-gyroid to 
lamella, as the volume fraction of that component is increased.17 When a third phase is 
introduced (A-B-C) the morphology is dependent on three interaction parameters (χAB, 
χBC, χAC) instead of only one, which allows for a broader range of self-assembled 
morphologies.11 Furthermore, for a 3-arm miktoarm star with all three arms of different 
compositions, the mandatory convergence of three immiscible blocks at a single junction 
point creates significant steric hindrance. The steric hindrance promotes the evolution of 
mesophases and can suppress the formation of concentric structures, which leads to even 
more novel morphologies.18,19 Such mesophase morphologies have not been reported in 
conventional linear block copolymer systems.13 
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Several researchers have attempted to better understand and manipulate the 
unique phase behavior of miktoarm star polymers for a variety of advanced 
applications.15, 20-23 Much of what exists in modeling and experimental literature focuses 
on two phase (AB) systems. Federickson et al. conducted simulation studies on the phase 
behavior of TPE’s based on an A(BA’)n miktoarm star configuration using self-
consistent-field theory.13 Their models demonstrated that the glassy end blocks (A) 
formed distinct phases and in some cases showed that the maximum volume fraction of 
fA achieved for phases with discrete A-rich domains surpasses that of conventional linear 
ABA TPEs.13 Hoque and coworkers also compared the miktoarm star polymer and linear 
block copolymer phase behavior in poly(ethylene oxide) (PEO) and polymethacrylate 
(PMA) copolymer systems.20 TEM and SAXS studies revealed that the A3B-type star 
polymer formed a more highly ordered PEO cylinder array than that of the corresponding 
linear block copolymer. This suggests that the miktoarm star configuration yields a more 
robust and highly ordered nanostructure when compared to the linear counterpart. This 
study was done for only one star polymer composition, and phase transitions over varying 
volume fractions were not reported.  
Recent work has demonstrated interesting phase behavior and properties in 
miktoarm star polymer systems.24,25 However, few studies have been reported on the 
morphology of triphasic miktoarm star polymers of the type depicted in Scheme 6.1, in 
which two arms possess the same diblock composition and the third arm is of a different 
composition ((AB)2-s-C).
26 This is likely due to the synthetic challenges inherent in these 
polymers, typically involving multiple protection/deprotection strategies, orthogonality, 
and combinations of different polymerization methods.12 Additionally, most studies have 
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focused on the self-assembly and phase behavior of miktoarm polymer structures in 
solution while very little has been reported on the morphology of these unique materials 
in the bulk.27,28,29 In order to explore the usefulness of miktoarm star polymers in future 
applications, the phase separation and morphological transitions of these systems must be 
better understood. One study done by Song et al. presented the synthesis and bulk phase 
behavior of (polyethyleneoxide-polystyrene)2-s-polylactide ((PEO-PS)2-s-PLA) 
miktoarm star polymers.26 A combination of SAXS and scanning electron microscopy 
(SEM) revealed a hexagonal, columnar morphology consisting of PEO/PLA cylindrical 
cores surrounded by a PS matrix at weight ratios of 7:38:55 (PEO:PLA:PS). Differential 
scanning calorimetry (DSC) analysis also showed a single, merged Tg for the PEO/PLA 
domains, which phase separated from PS. This was an unexpected result since the 
configuration of the star polymer was such that the PLA block was not directly attached 
to the PEO block, yet a combined PEO/PLA cylindrical domain was nonetheless 
observed. The morphology of these materials was not reported for varying volume 
fractions of the PLA arm.  
To our knowledge, the morphology progression of (AB)2-s-C miktoarm star 
terpolymers as a function of block composition and length has not yet been reported.  We 
previously reported the synthesis and compositional characterization of a series of (PS-
PIB)2-s-PAA miktoarm star terpolymers with increasing volume fraction of PAA.
30 In 
this, the second paper of the series, we have focused on the morphological, thermal, and 
water uptake characteristics of the materials as a function of PAA wt.%. The phase 
separated morphology of solvent cast films was characterized directly by SAXS, TEM, 
and AFM methods and indirectly by thermogravimetric analysis (TGA). Water diffusion 
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was measured by a mass uptake method. Morphological transitions are compared to those 
of the linear counterpart to better understand the effect of a miktoarm configuration on 
the phase behavior in TPEs. 
Experimental 
Materials 
3-Methyl-3-buten-1-ol (≥97%), 2-bromo-2-methylpropionyl bromide (98%), 1,3-
diisopropylbenzene (96%), N-hydroxyphthalimide (NHPI) (97%), Co(OAc)2·4H2O 
(≥98.0%), acetonitrile (anhydrous, 99.8%), methylcyclohexane (MCHex) (anhydrous, 
≥99%), triethylamine (TEA) (99.5%), 1,1,4,7,7-pentamethyldiethylenetriamine 
(PMDETA) (99%), hexane (anhydrous, 99%), 2,6-lutidine (99+%), TiCl4 (99.9%), 
Cu(I)Br (99.999%), AlCl3 (99.99%), toluene (anhydrous, 99.8%), CDCl3, and balloons 
with wall thickness of 15 mil were used as received from Sigma-Aldrich, Inc. 
Compressed oxygen was used as received from Praxair, Inc. Petroleum ether, CH2Cl2, 
K2CO3, THF, MgSO4, and NaHCO3 were used as received from Fisher Chemical Co. 
Dowex HCR-W2 ion-exchange resin (strong cationic type) was used as received from 
Dow Chemical, Germany. Isobutylene (IB) (99.5%, BOC Gases) and MeCl (99.5%, 
Alexander Chemical Co.) were dried through columns packed with CaSO4 and CaSO4/4 
Å molecular sieves, respectively. tert-Butyl acrylate (tBA) (99%) was passed through a 
K2CO3 and Al2O3 column to remove inhibitor. 
Star Polymer Synthesis 
A dicationic monoradical dual initiator 3-[3,5-bis(1-chloro-1-
methylethyl)phenyl]-3-methylbutyl 2-bromo-2-methylpropionate (DCCBMP) (synthesis 
reported in detail in previous publication)30 was utilized to prepare a series of amphiphilic 
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(PS−PIB)2-s-PAA miktoarm star polymers using a combination of living carbocationic 
polymerization (LCP) and atom transfer radical polymerization (ATRP) techniques 
(Scheme 6.1). PS−PIB−PS triblock copolymers were produced by LCP of isobutylene 
(IB) followed by sequential addition of styrene. These polymers possessed sec-benzylic 
chloride groups at the PS chain ends as well a bromoester functionality at the initiator 
moiety. To produce (PS-PIB)2-s-tBA, it was necessary to render the sec-benzylic 
chloride chain ends inert toward ATRP; this was done via thermal dehydrohalogenation 
at 200 °C and 30 mmHg of vacuum. ATRP of tBA at the bromoester functionality was 
then performed to produce (PS−PIB)2-s-PtBA miktoarm star polymers. To convert PtBA 
to PAA, the star polymers were exposed to 150 °C at 30 mmHg of vacuum overnight to 
obtain amphiphilic (PS-PIB)2-s-PAA miktoarm star polymers. Star polymers were 
prepared with designed composition and narrow dispersity as shown in Table 6.1. 
Composition and dispersity (Ɖ) were confirmed by nuclear magnetic resonance 
spectroscopy (NMR) and gel permeation chromatography (GPC). Detailed synthetic 
procedure, NMR analysis, and GPC analysis have been previously published.30 
 
 
Scheme 6.1. Schematic synthesis of (PS−PIB)2-s-PAA miktoarm star terpolymers from 
DCCBMP. (1) LCP of IB and S (2) dehydrohalogenation of sec-benzylic chloride end 
groups by thermolysis and (3) ATRP of tA followed by conversion of PtA to PAA by 
thermolysis to yield (PS−PIB)2-s-PAA. 
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Table 6.1 
 
Molecular weight (GPC) and compositional data (NMR) for (PS-PIB)2-s-PAA star 
polymers. 
 
Sample Mn 
(g/mol) 
Ɖ PIBMn 
(g/mol) 
PSMn 
(g/mol) 
PAAMn 
(g/mol) 
Wt. % 
PAA 
PAA6.6 34,300 1.05 20,000 12,000 2,240 6.6 
PAA20 40,100 1.19 20,000 12,000 8,020 20.0 
PAA26 43,300 1.14 20,000 12,000 11,300 26.1 
PAA40 53,500 1.10 20,000 12,000 21,400 40.1 
PAA46 60,200 1.21 20,000 12,000 28,100 46.7 
 
Film Casting and Annealing 
Films of star polymers (dry thickness 0.15 mm) were cast from THF solutions of 
approximately 10% (w/v) concentrations and annealed at 60 °C for 6-8 days. Solutions 
were poured into TeflonTM pans and tightly covered with aluminum foil. Several holes 
were placed in the foil with a 27G-syringe needle to allow slow solvent evaporation. The 
PS-PIB-PS triblock copolymer precursor was spin coated onto silicon (Si) wafers with a 
native SiO2 layer for 1 min at 1500 RPM to yield approximately 100 nm thick films.  
Morphological Analysis 
An ultra-high resolution TEM (JEOL-2100, Jeol Ltd., Tokyo, Japan), at an 
accelerating voltage of 200 kV, was utilized to investigate the bulk phase separation of 
the star polymers. Specimens were cryo-sectioned at an angle of 6° to the knife at a speed 
of 1.5–3.5 mm/s using a Leica EM FC6 microtome equipped with an antistatic device. 
The microtome chamber, diamond knife, and samples were kept at a temperature between 
-90 to -120 °C. Ultrathin sections approximately 70 nm thick were placed on copper 
TEM grids. The specimens were stained with RuO4 vapor in a Petri dish for 3 min to 
provide contrast for imaging the microphase separated morphology. Selected samples 
 
 
165 
 
were additionally stained with 4% aqueous OsO4 by placing one drop of the solution onto 
the copper grids containing the sections directly after the RuO4 staining.  
Quantitative nano-mechanical mapping (QNM) studies were conducted on a 
Bruker Dimension Icon 3000 scanning probe microscope in tapping mode within a 
temperature (23 °C) and humidity (50%) controlled room using a standard Veeco RTESP 
silicon probe (cantilever length, 125 μm; nominal force constant, 40 N/m; and resonance 
frequency, 350 kHz). Height, phase, DMT modulus, and adhesion images were collected 
simultaneously. The DMT modulus and adhesive forces measured in QNM are not 
absolute measurements but are based on calibration of the instrument and are therefore 
used as a means of comparison between the different samples. The image size ranged 
from 500 × 500 nm2 to 5 × 5 μm2, while the resolution was held constant at 512 × 512 
data points. At least three macroscopically separated segments of the film were analyzed 
from which representative images were selected. All standard image processing 
techniques were performed using Nanoscope version 5.30 r2 image analysis software. 
Bulk phase separation was observed by encasing the films in epoxy and exposing a cross-
section of the films by cutting through the epoxy. To minimize artifacts, all bulk sample 
surfaces were smoothed using a diamond knife prior to acquiring the AFM images. 
SAXS experiments were performed at the Center for Nanophase Material 
Sciences (CNMS) at Oak Ridge National Laboratory (ORNL) in Oak Ridge, TN. Data 
were collected using an Anton-Paar SAXSess mc2 equipped with a CCD detector. The 
sample-to-detector distance was 34 cm. The incident X-ray beam was generated using a 
Cu target (Cu Kα) under tension (40 kV) and current (50 mA). A 0.013 mm thick Ni foil 
was used to filter Kβ radiation, giving an effective wavelength of 1.5418 Å. Data were 
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azimuthally averaged for interpretation of intensity, I(q), where q, the magnitude of the 
scattering length vector, is q=(4πsinθ)/λ, and 2θ is the scattering angle. Detector noise 
and background scattering were subtracted from the collected scattering curves. The 
Bragg spacing, d, was calculated from the first-order peak position by d = 2π/h. Peak 
locations were analyzed using PeakFit® Analysis software.31 
Thermal Analysis 
TGA was used to measure weight loss as a function of temperature and 
degradation temperature (Td), which was measured as the onset of degradation. 
Measurements were obtained utilizing a TA Instruments Q Series TGA Q5000. Samples 
were heated from room temperature (RT) to 500 °C at a rate of 10 °C/min under a 
nitrogen atmosphere.  
Water Absorption 
Water absorption by weight was measured by submerging films in deionized 
water (DI H2O) for several days and measuring their change in weight (mg). Rectangular 
sections (1 mm x 1 mm) were cut from each star polymer film cast using methods 
previously described. Each section was weighed and then placed into 20 mL of DI H2O 
contained within a separate, sealed scintillation vial. After 1 h, sections were removed 
from water and patted dry on a Kim Wipe, and their weights were measured and 
recorded. After weighing, samples were immediately resubmerged. The % H2O uptake 
was determined by the change in weight of the samples using Equation 6.1, where wo is 
the initial weight of the film and w is the final weight of the film. The values reported are 
after one day and one month of submersion. 
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Results and Discussion 
Phase Behavior 
Films of (PS–PIB)2-s-PAA miktoarm star polymers were carefully cast from 
dilute solution and annealed at 60°C over a period of six days with the objective of 
achieving equilibrium or near-equilibrium morphologies. THF was used as the casting 
solvent since its use in previous work on linear block terpolymer systems of similar 
composition produced transparent films free of voids.11 TEM, AFM and SAXS 
techniques were used in combination to characterize the phase separated morphology of 
the star polymers as described in the experimental section. Microscopy and X-ray 
scattering analysis revealed that the phase behavior in the miktoarm star polymer system 
is significantly different from that reported previously for the linear counterpart of similar 
composition (PAA-PS-PIB-PS-PAA), where a steady progression from cylindrical to 
lamellar morphology was observed with increasing PAA content.11 In the miktoarm 
system, a unique and unexpected progression from highly ordered cylinders, to lower 
ordered spheres, to disordered structures was observed. After characterization of the 
morphology and permeation, the films were annealed at 110 °C for 24 h and analyzed via 
TEM to ensure that the cast morphology had achieved an equilibrium state (Appendix 
A25-A29) 
AFM analysis of a spin-coated film of  the linear PS-PIB-PS precursor (PS:PIB) 
used in the synthesis of the (PS-PIB)2-s-PAA star polymers (Figure 6.1) revealed a 
regular, cylindrical, phase-separated morphology typical of block copolymer systems, 
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which is consistent with the morphologies previously reported for PS-PIB-PS 
copolymers.1,2,4 The PIB/PS weight ratio in the terpolymers was held at 1.0/0.6, while the 
PAA weight content ranged from 6.6 to 47 % of the total (Table 6.1). Figures 6.2-6.6 
show the SAXS profiles and representative TEM images of the miktoarm star 
terpolymers. TEM microtomed cross-section samples were stained with RuO4, and the 
sample with the highest PAA content (Figure 6.6) was additionally stained with OsO4 to 
provide electron density contrast. Bulk AFM analysis of the star polymers proved to be 
problematic due to high surface roughness of the film cross-sections, thus only SAXS and 
TEM data are shown. A summary of the morphological features observed by TEM and 
the relative scattering vector ratios (h) and d-spacings determined from SAXS analysis 
are displayed in Table 6.2. Detailed PeakFit® Analysis of the SAXS curves can be found 
in the Appendix (A22 – A24) 
 
  
 
 
 
 
Figure 6.1. AFM (A) height and (B) phase images (500 x 500 nm) of the PS-PIB-PS 
precursor reveal concentric PS cylinders dispersed in a continuous PIB domain. 
 
Figure 6.2 provides the data for the 6.6 weight % PAA terpolymer. The SAXS 
profile shows long range order with h-values of 1, 3 , 4 , 7 , and 9 , consistent 
with the presence of hexagonally packed cylinders (HEX).32 The corresponding TEM 
images (Figure 6.2b-d) confirm the cylindrical morphology. The darker regions represent 
(A) (B) 
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the PS domains, which are preferentially stained by RuO4,
33 while the light regions 
consist of the PIB and PAA phases. The PS cylinders appear to be predominantly ordered 
perpendicular to the surface (the hexagonal end-facing features displayed in Figure 6.2d), 
with some areas showing parallel alignment (elongated, parallel features shown in Figure 
6.2c). The perpendicular features are highly ordered, while the longitudinal cylinders 
appear irregular and less ordered. A separate PAA phase is not apparent for this low PAA 
weight % sample, and it is thus assumed that the PAA component exists as spheres in 
isolated regions. The scattering profile for this star terpolymer is similar to that reported 
previously for low PAA content linear block terpolymers, however the morphology 
appears slightly less ordered than that of the linear analogue in the TEM images.11 34  
The 20 wt.% PAA star terpolymer data are shown in Figure 6.3, where a highly 
ordered HEX morphology is observed.  The scattering profile shows higher order peaks 
at 1, 3 , and 7 , corresponding to the HEX morphology, and the TEM images  reveal 
regularly spaced PS cylinders (dark phase) arranged in the continuous PIB domain. In 
addition, a third phase, visible as light features within the dark PS phase, is observed 
within those PS cylinders that are arranged perpendicular to the surface (Figure 6.3d). We 
attribute this third phase to PAA cylinders, which form as a result of the extension of the 
PAA arm, and reside in the PS domain.  This morphology is similar to that observed in 
the linear PAA-PS-PIB-PS-PAA pentablock terpolymer systems, in which the PAA arm 
was directly attached to the PS arm, but was unexpected in the miktoarm star polymers, 
where the PAA block is isolated from the PS.  In the star polymer it was predicted that 
the PAA phase would preferentially reside outside of the PS cylinders as a result of the 
PS-PIB-PS configuration in the architecture. The greater solubility of PAA in PS may 
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promote the formation of PAA cylinders within the PS phase rather than in the PIB 
phase. These surprising results indicate that the preferential segregation of the PAA phase 
in the PS cylinders (at low PAA content) observed in the linear terpolymers is not driven 
by covalent attachment (entropically driven) but by the interaction parameters of the three 
phases (enthalpically driven). A similar morphology was also reported by Song et al. in 
(PEO-PS)2-s-PLA miktoarm star polymers, where PEO cylinders with inner PLA 
cylinders were observed.26 Another interesting observation is the greater degree of 
ordering observed in the PAA20 terpolymer in comparison to that of the PAA6.6 system.  
The symmetrical composition of this terpolymer, which consists of a 50/50 wt% ratio of 
the PIB to the PS-PAA phases, may contribute to this ordering, as has been previously 
reported for linear block copolymer systems.17  
The 26 wt.% PAA sample shows a significantly different morphology (Figure 
6.4).  The SAXS profile (6.4a) indicates an ordered system with spherical morphology, 
with h-values of 1 and 2 . We suggest that the PS phase exists as spheres, the PAA 
morphology is cylindrical, and the cylinder peak (h = 3 ) is missing due to overlap by 
the first peak.11 In the TEM images, short range order is observed with dark circular 
features, attributed to stained PS spheres (Figure 6.4d),  and dispersed in a lighter phase 
consisting of PIB and PAA.  In the 40 wt.% PAA sample, the morphology appears less 
ordered (Figure 6.5). A single diffraction peak in the SAXS profile is observed but no 
higher order peaks are detected. Additionally, a significant increase in the calculated 
Bragg d-spacing is observed for PAA40 in comparison  to the lower PAA content samples 
(Table 6.2), indicating that the PS spheres are separated with minimal long-range 
ordering. The TEM images show dark, circular features (Figure 6.5d), attributed to 
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spherical PS domains that are dispersed in the lighter PIB/PAA phase approximately 50 
nm apart from each other.  
In the 47 wt.% PAA sample a further transformation of the morphology is 
observed (Figure 6.6). The SAXS profile for PAA47 shows a single weak diffraction peak 
(Figure 6.6a inset). Additionally, the TEM images reveal an irregular morphology with 
disordered structures.  Due to the low PS content in this sample, a second stain with 
OsO4, which preferentially stains the PIB phase,
11 was applied.  In the images, a distinct 
dark phase corresponding to PIB and lighter features corresponding to PAA are observed.  
The two phases are generally co-continuous with the occasional appearance of the third 
PS phase. The disordered phase behavior observed in Figure 6.6 is likely a result of the 
excessive asymmetry of the miktoarm structure at higher PAA content. The observed 
morphology is remarkably similar to that reported by Adhikari and coworkers in a highly 
asymmetric star polymer of (PS)-s-(PS-PIB)3 and was referred to as a “gyroid” phase 
separation.35 Additionally, the modulus images obtained from AFM-QNM analysis 
revealed hard and soft domains that resemble the lamellar and gyroid features observed in 
the TEM images and can be viewed in the Appendix (A30) 
In linear block copolymer systems, it has been reported that the morphology 
transitions from spherical to cylindrical to double-gyroidal to lamellar with increasing 
volume fraction of one component.17 The double-gyroid phase occurs over only a narrow 
range of f, and the stability of this morphology has been a topic of dispute in the literature 
for several years.36,37,38,39 In our system, annealing followed by TEM analysis 
demonstrated no significant change in morphology for all of the PAA compositions 
studied (S4-S8), indicating that the morphology is thermodynamically stable. Thus, the 
 
 
172 
 
intriguing topology of this network structure may inspire a diverse array of potential 
applications from high performance separation membranes to photonic crystals.40 
 
 
Figure 6.2. PAA6.6 SAXS peak locations (A) correspond to hexagonally packed 
cylinders. TEM morphology (B-D) shows hexagonally packed PS cylinders (dark areas) 
in a continuous PIB domain (light areas). PAA regions exist as isolated spheres. 
 
 
 
 
 
Figure 6.3. PAA20 SAXS peaks (A) correspond to hexagonally packed cylinders. In TEM 
(B-D) dark areas are PS cylinders while inner (lighter) regions are of PAA and the 
continuous phase (light area surrounding cylinders) is of PIB composition. 
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Figure 6.4. PAA26 SAXS profile (A) corresponds to BCC spheres. In the TEM images 
(B-D), dark regions are PS spheres and light areas consist of PAA (residing outside of PS 
cylinders) and PIB phase. 
 
 
 
Figure 6.5. PAA40 SAXS profile (A) demonstrates single diffraction peak with no higher 
order peaks. TEM images (B-D) show small PS spheres (dark areas) surrounded by PAA 
and PIB phase (light areas). 
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Figure 6.6. PAA47 stained with RuO4 and OsO4. SAXS profile (A) only shows a single, 
weak diffraction peak. TEM images (B-D) reveal a distinct dark phase corresponding to 
PIB and lighter features corresponding to PAA.  The two phases are generally co-
continuous with the occasional appearance of the third PS phase in a gyroid-like 
morphology with PAA. 
 
 
Table 6.2 
Morphological parameters calculated from SAXS for (PS-PIB)2-s-PAA miktoarm star 
polymers. 
 
Sample 
Wt. % 
PAA 
Nanostructure 
(observed) 
1st Order Peak 
(nm-1) 
d 
(nm) 
PAA6.6 6.60 HEX Cylinders 0.27 23.3 
PAA20 20.0 HEX Cylinders 0.26 24.2 
PAA26 26.0 BCC Spheres 0.20 31.4 
PAA40 40.0 BCC Spheres 0.12 52.3 
PAA47 47.0 Disordered - Gyroid 0.24 26.2 
 
Thermal Properties 
The thermal stability and water loss (by weight) of each sample were measured by 
TGA, as shown in Figure 6.7 and Table A1 (Appendix). The TGA curves for samples 
PAA6.6 and PAA20 reveal very little water loss (<1 wt.%) and a one-step degradation 
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process occurring at 370°C, similar to that reported for PS-PIB-PS block copolymer 
systems.7 Thus, incorporation of up to 20 wt. % PAA does not appear to significantly 
affect the degradation behavior or water uptake of the system. It is reported that pure 
PAA systems undergo a two-step degradation, with an initial step (onset of 220°C) 
involving the condensation reaction of the carboxylic acid functionality to form six-
membered aldehyde rings.41 In our system, it is possible that the confinement of the PAA 
phase in the hydrophobic PS cylinders inhibits the removal of water, which is required to 
drive the condensation equilibrium reaction forward, and thus the first stage degradation 
is not observed for low PAA polymer compositions. At higher PAA concentrations, a 
two-step degradation process is observed beginning at around 250 °C for PAA26 and 
PAA40 and around 235 °C for PAA47. Water loss and the extent of degradation in the first 
step increase with increasing PAA content, indicating an extension of the PAA phase 
outside of the hydrophobic PS cylinders at higher PAA concentrations. TGA curves for 
pure PAA, PS, and PIB are displayed in the Appendix (A31). 
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Figure 6.7. TGA profiles show one step degradation and no water loss for low PAA 
concentrations, while two-step degradation and high levels of water loss are present at 
PAA concentrations of 26 wt% and greater.  
Water Absorption 
PAA is a highly hydrophilic polymer that has the ability to absorb and retain large 
amounts of water. Therefore, it was expected that development of phase separated PAA 
domains through control of the polymer architecture would allow the tailoring of 
diffusion pathways for ions, water, and other polar molecules. The water uptake by 
weight, measured after one day and one month of submersion, is shown in Figure 6.8. As 
expected, the water uptake increases with increasing PAA content. At low PAA content, 
water uptake increases linearly, while at concentrations above 26 wt% water uptake 
appears to increase exponentially. This behavior is explained by the morphological 
observations, where the PAA phase is constricted by the PS domain at low 
concentrations, but resides outside of the PS cylinders at high concentrations. At 47 wt.% 
the PAA domain is continuous, resulting in highly absorbent behavior approaching 100% 
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saturation. It should also be noted that only the PAA47 film became opaque on 
submersion in water; the other films remained transparent. After one month of 
submersion, the films retained their shape and did not undergo visual degradation. It was 
predicted that the miktoarm PS-PIB-PS terpolymer would form a less constricted PAA 
phase configuration than that produced with the linear terpolymer, and thus yield more 
efficient water permeation at low PAA content. However, the progression in water uptake 
in the miktoarm system is surprisingly similar to that observed in the linear system. This 
is likely due to the fact that the PAA phase preferentially resides inside the PS cylinders 
at low PAA content (≤ 20 wt.%) for both the miktoarm and linear systems. 
 
Figure 6.8. Dramatic increases in water uptake are observed at PAA concentrations 
greater than 26%. Inset: water uptake (by weight) at 1 day and 1 month. 
 
 
Conclusions 
The morphologies of a series of (PS-PIB)2-s-PAA miktoarm star terpolymers with 
varying PAA content were interrogated using a combination of SAXS, TEM, and AFM 
methods. Microscopy and X-ray scattering analysis revealed that the phase behavior of 
0
10
20
30
40
50
60
70
80
90
100
6.6% 20.2% 26.2% 40.3% 47.0%
%
 H
2
O
 U
p
ta
k
e
% PAA in Star Polymer
1 Day
1 Month
 
 
178 
 
the miktoarm star polymer system is significantly different from that reported previously 
for the linear counterpart of similar composition (PAA-PS-PIB-PS-PAA), where a steady 
progression from cylindrical to lamellar morphology was observed with increasing PAA 
content.11 In the miktoarm system, a unique and unexpected progression from highly 
ordered cylinders, to lower ordered spheres, to gyroid structures is observed. At low PAA 
content (6.6-20 wt.%), the PAA phase is discontinuous and appears to preferentially 
reside inside PS cylinders. This result was unexpected since, in the miktoarm system, the 
PAA block is not directly attached to the PS block, and it is thus likely the result of the 
greater solubility of PAA in PS than in PIB. As the PAA content is increased, a separate 
PAA phase appears. At 47% a disordered “gyroid” like PAA/PS phase is observed in a 
co-continuous morphology with a PIB lamellar phase, again driven by the greater 
miscibility of PAA with PS than with PIB.  Of significant interest is the fact that 
annealing studies demonstrated no change in the morphologies of the systems, indicating 
their thermodynamic stability.  
The phase behavior of the miktoarm star terpolymers was further analyzed by 
observing the thermal transitions of the systems using TGA. At low PAA content (6.6–20 
wt. %) the PAA phase is constricted inside the PS domain, and the TGA analysis reveals 
a one-step degradation process at approximately 370 °C, characteristic of PS-PIB 
copolymer systems. At higher PAA content (26–47 wt.%) a separate PAA phase appears, 
and a two-step degradation process (characteristic of pure PAA) is observed at 
approximately 250 °C and 370 °C.  
It was predicted that the miktoarm architecture, where PAA is attached to the PIB 
rather than to the PS segment, would allow for less constriction of the PAA phase and 
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more efficient water permeation at low PAA concentrations. However, the trends in water 
uptake observed in the miktoarm system are very similar to those observed in the linear 
polymer analogue.  This is attributed to the high miscibility of PAA and PS, which 
produced highly constricted PAA domains within PS cylinders at the low PAA 
concentrations. These findings suggest the possibility of tuning the morphology of a 
miktoarm system by altering the miscibility of the polar and glassy components.   
To our knowledge, this is the first report of the bulk phase separated morphology 
of an (AB)2-s-C type miktoarm star terpolymer TPE over a range of volume fractions. 
The results of this study demonstrate how the phase separated morphology and barrier 
properties of a (PS-PIB)2-s-PAA system can be modified through precise composition 
control. The interesting morphology and properties of these materials provides a platform 
for design of new microstructures.  Furthermore, modification of the polar phase (i.e. 
changing PAA to a different polar system) may provide a means of developing novel 
TPEs for applications such as permselective barrier elastomers with enhanced moisture 
transmission capabilities.  
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CHAPTER VII 
RHEOLOGICAL AND CRYSTALLIZATION ENHANCEMENT 
 IN POLYPHENYLENESULFIDE AND POLYETHERETHERKETONE 
 POSS NANOCOMPOSITES 
Abstract 
Polyhedral oligomeric silsesquioxane (POSS) additives have been shown to 
increase melt-flow and crystallization in thermoplastics. In this study, the effect of 
incorporation of trisilanolphenyl-POSS molecules in polyphenylenesulfide (PPS) and 
polyetheretherketone (PEEK) on rheology, crystallization kinetics, and thermal and 
mechanical properties was evaluated. Parallel plate rheometry revealed a reduction in the 
viscosity of PPS and PEEK with the addition of POSS. The magnitude and concentration 
dependence of rheological modification were shown to depend on the polymer structure 
and POSS solubility. Isothermal crystallization kinetics were analyzed using the Avrami 
model, and it was found that the addition of POSS accelerated the crystallization rate of 
PPS blends with no significant effect on PEEK blends. Interestingly, no statistical 
difference in degradation temperature, tensile modulus, or tensile strength of PPS or 
PEEK blends was observed. The findings indicate the potential for improvements in melt 
viscosity and crystallization of high temperature thermoplastics with tailored 
POSS/polymer interactions. 
Introduction 
 Polyphenylenesulfide (PPS) and polyetheretherketone (PEEK) are semi-
crystalline engineering thermoplastics that are characterized by thermal stability, 
excellent solvent resistance, and high mechanical strength.1 Due to their superior 
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properties, PPS and PEEK systems are widely used in aerospace, automotive, electrical, 
and medical industries.2 However, high melting temperatures and viscosities  of these 
resins limit their processability and increase the cost of manufacturing.3 Several efforts 
have been made to improve the processability of PPS and PEEK by blending with 
rheology modifiers such as oligomers, lubricants, and hyperbranched polymers that 
typically result in a sacrifice of thermal and/or mechanical properties.2,3,4,5 Additionally, 
such additives can significantly affect the crystallization kinetics and degree of 
crystallinity, which subsequently dictate the processing conditions and mechanical 
performance of these semi-crystalline systems.6,7 Thus, there is a high demand for 
rheological modifiers that can improve the processability of PPS and PEEK systems 
without detrimental effects on the thermal, mechanical, or crystalline properties. 
 One class of additives that holds promise as an effective rheology modifier is 
polyhedral oligomeric silsesquioxane (POSS). POSS nanostructured chemicals consist of 
a Si-O-Si inorganic cage surrounded by an organic corona, which can be modified widely 
to enhance the compatibility with target polymer matrices and promote molecular level 
dispersion.8 Several studies in our own and other research laboratories have reported a 
reduction in the melt viscosity of engineering thermoplastics with the addition of low 
concentrations of POSS, while preserving the thermal and mechanical properties of the 
neat polymer.9,10,11,12,13 The mechanism of flow enhancement is a topic of debate, and has 
been suggested to originate from three synergistic actions: the free volume increase, the 
reduction of the friction between the macromolecules, and the entanglement density 
decrease due to the penetration of dispersed POSS molecules into the matrix.10  Kopesky 
et al. reported a minimum in the zero-shear viscosity at low POSS loadings (<5 vol %) in 
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melt-mixed poly(methyl methacrylate) (PMMA) POSS blends.12 Two different types of 
flow regimes were proposed for melt-mixed POSS systems. In the low-concentration 
regime, POSS was molecularly dispersed, and the viscosity was reduced. In the higher 
concentration regime the crystallization and agglomeration of POSS occurred, and the 
system behaved as a hard-sphere-filled suspension. It has been proposed that weak 
polymer–particle interactions cause the POSS filled systems to deviate from the behavior 
predicted by classical theory for hard-sphere-filled suspensions, resulting in a strong 
decrease in the viscosity at low concentrations followed by an increase in the viscosity at 
higher concentrations.14,15 This phenomenon is referred to as the nanoparticle effect and 
has also been observed in POSS filled poly(phenylsulfone) (PPSU)9, polypropylene 
(PP)11, high-density polyethylene (HDPE)13,16, polystyrene (PS)10,17,18,19, and poly(lactic 
acid) (PLA)20,21.  
In addition to flow enhancement, POSS has also been shown to affect the 
crystallization behavior of semi-crystalline thermoplastics. Dispersed POSS molecules 
create additional surface area for nucleation and growth of spherulites, increasing the rate 
of crystallization.22 However, the POSS nucleation effect is highly dependent on POSS 
dispersion and interactions with the polymer matrix. Heeley and coworkers studied the 
crystallization kinetics of PE/POSS nanocomposites and found that at low loadings (<5 
wt.%) the POSS molecules were highly dispersed and acted as nucleating agents.23 
Above 5 wt.% POSS aggregates formed which reduced the bulk crystallinity and 
hindered the crystallization process. Wang et al. studied the isothermal crystallization 
kinetics of biodegradable poly(p-dioxanone) (PPDO)/POSS nanocomposites and found 
that the rate of crystallization increased with the addition of POSS.24 Interestingly, X-ray 
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diffraction and Avrami kinetics analysis revealed that the crystal structure and 
crystallization mechanism were not affected by the POSS nucleating agents. Similar 
trends have also been reported in POSS filled HDPE16,25,26,27 , PP22, poly(butylene 
adipate) (PBA)28, polydimethylsiloxane (PDMS)29, poly(l-lactide) (PLLA)30, and 
PLA31,32, where highly dispersed POSS molecules act as nucleating agents and enhance 
rate of crystallization, but do not affect the crystalline structure of the polymer. However, 
to our knowledge, the rheological and crystallization performance of POSS modified high 
temperature semi-crystalline thermoplastics such as PPS and PEEK have not yet been 
reported. This may be due to the fact that POSS additives have not yet been considered at  
the high processing temperatures required for PPS and PEEK compounds . Increasing the 
melt flow and crystallization rates in semi-crystalline thermoplastics promotes faster 
cycle times for injection-molded parts and decreases waste. 
This study aims to determine the rheological, crystallization and mechanical 
behavior of high-temperature semi-crystalline thermoplastics in the presence of POSS.  
PPS and PEEK were melt-blended with varying concentrations of trisilanolphenyl POSS 
(Tsp-POSS), and the rheological behavior and isothermal crystallization kinetics were 
analyzed. Previous studies that reported viscosity reductions in POSS filled 
thermoplastics typically utilized capillary rheometry. In this work, an oscillatory 
rheometer is used, which is highly sensitive to polymer molecular structure and provides 
more detailed information on polymer structure/rheology relationships useful for 
predicting actual processing improvements.33.  Tsp-POSS was chosen for this work since 
previous studies have demonstrated greater viscosity reduction in thermoplastics filled 
with non-fully condensed POSS structures.9,34 Additionally, it was predicted that the 
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phenyl corona substituents would promote compatibility and dispersion of POSS in the 
aromatic PPS and PEEK matrices. Scanning electron microscopy (SEM) coupled with 
energy dispersive X-ray spectroscopy (EDX) was used to characterize POSS dispersion 
and fracture morphology. Thermal behavior was examined using differential scanning 
calorimetry (DSC) and thermogravimetric analysis (TGA), and mechanical performance 
evaluated by tensile and impact testing.  
Experimental 
Materials 
PPS resin (trade name Fortron, 1200L) was supplied by Celanese with a reported 
modulus of 3.5 GPa and a tensile strength of 70 MPa. PEEK resin (trade name Vestakeep 
4000) was supplied by Evonik Industries with a reported modulus of 3.5 GPa and a 
tensile strength of 96 MPa.   Tsp-POSS was supplied as a dry white powder by Hybrid 
Plastics, Inc. The molecular structures of PPS, PEEK, and Tsp-POSS grades used in this 
work are displayed in Figure 7.1. 
 
Figure 7.1. Structures of A) PPS B) PEEK and C) Tsp-POSS. 
Composite Blending and Sample Preparation 
POSS/PPS and POSS/PEEK nanocomposites were prepared with a B&P Process 
CT 25 co-rotating twin-screw extruder (screw diameter 25 mm, length-to-diameter ratio = 
40:1, three-hole die with a diameter of 3/16 in.) equipped with high-shear screws. The 
(A) (B) (C) 
R=Phenyl 
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extrusion parameters were as follows: feed rate=20 lb/h; screw speed=1770 rpm; and 
barrel temperatures in the barrel, feed section, compression zone, metering section, and 
die are specified in Table 7.1 for each resin system. The resins were dried in a convection 
oven at 150 °C overnight before blending. A master batch of each resin containing 10 wt 
% POSS was prepared by extrusion and further diluted by extrusion with neat resin to 
create PPS/POSS and PEEK/POSS nanocomposites containing Tsp-POSS at 1, 3, and 10 
wt % POSS. Samples will be referred to by the resin and corresponding POSS loading: 
PPS1, PPS3, PPS10, PEEK1, PEEK3, and PEEK10. Specimens for tensile and impact 
testing were injection-molded with a Millacron 85-ton injection molder. Tensile bars for 
each sample were molded according to ASTM D 638 specifications for type 1 tensile 
bars. During molding, the temperatures of the barrel, die, and mold were held constant, 
whereas the mold pressure was adjusted between 990 and 1500 psi to produce test 
specimens of appropriate dimensions. Once the correct mold pressure was determined for 
each POSS composition, subsequent sample specimens had dimensions within the 
acceptable tolerance level. 
Table 7.1 
 
Summary of extrusion parameters. 
 
Resin Feed Section  
(°C) 
Compression Zone 
 (°C) 
Metering Section 
 (°C) 
Die 
 (°C) 
PPS 204 232-288 288 288 
PEEK 288 327-354 354 354 
 
Microstructure and Morphology 
Morphological and microstructural features of the nanocomposites were 
investigated by a field emission SEM (FE-SEM, Zeiss Sigma VP). Cryo-fractured cross-
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sections of the extruded samples were directly imaged in the electron microscope after 
sputter-coating with silver. The dispersion of Tsp-POSS particles in the nanocomposite 
was characterized via EDX analysis of the sample images. EDX images are displayed as 
overlaps on the collected SEM images. 
Rheological Characterization 
Circular disk samples with 25 mm diameter and 2 mm thickness were prepared by 
compression-molding (Carver Press). Rheological studies were carried out using a strain 
controlled ARES Rheometer from TA Instruments equipped with a heating oven. 
Measurements were performed using a parallel plate configuration with a gap of 1.0–1.3 
mm. Frequency sweep tests were conducted at 25 °C above thermodynamic melting 
temperature for each resin (as measured by DSC) which were set to 305 °C for PPS and 
365 °C for PEEK nanocomposites. Storage modulus (G′), loss modulus (G′′), and 
complex viscosity (η*) were measured over a frequency range of 0.5-500 rad/s, with data 
collected at five points per decade. All samples were conditioned before testing by 
placement in a convection oven at 140 °C for a minimum of 5 h to remove any moisture 
and then cooling to room temperature in a desiccation chamber before testing.  Initial 
tests were conducted to ensure all measurements were made in the linear viscoelastic 
region. 
Thermal Characterization and Isothermal Crystallization Kinetics 
Differential Scanning Calorimetry (DSC). The melting temperatures, 
crystallization temperatures, and isothermal crystallization kinetics of nanocomposites 
were measured using a TA Instruments Q200 DSC equipped with a liquid nitrogen (LN2) 
cooling system. Melting and crystallization temperatures were measured by heating, 
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cooling, and reheating the samples to the temperatures specified in Table 7.2 (Tmax). In 
the isothermal crystallization runs, samples were equilibrated at a temperature 10 °C 
above the melting point of the resin (Teq) and equilibrated at this temperature for 15 min 
to remove the thermal history. The samples were then rapidly quenched from Teq to the 
crystallization temperature (Tc) at a rate of 100 °C/min by the LN2 cooling device. The 
dwell time at the crystallization temperature (measured from non-isothermal DSC 
experiments) was long enough to ensure the complete recording of the crystallization 
process. A summary of Teq and Tc for each resin is displayed in Table 7.2. 
Table 7.2 
 
Summary of temperatures used in isothermal crystallization DSC experiments. 
 
Resin Tmax (°C) Teq (°C) Tc (°C) 
PPS 290 290 250 
PEEK 350 350 300 
 
Thermogravimetric Analysis (TGA). The thermal degradation behavior of the 
nanocomposites in air at a flow rate of 40 mL/min was studied with a TA Instruments Q 
Series TGA Q5000. The samples were heated from room temperature to 600 °C at a rate 
of 10 °C/min. We defined the thermal degradation behavior of the blends by drawing a 
line tangent to the inflection point of the degradation curve obtained by TGA. The point 
where the tangent line crossed the line of 100% weight was the onset, and the point 
where the tangent line crossed the final steady (char) line was the end. To ensure purity 
and remove moisture the POSS samples were dried in vacuo at 60 °C for a period of 8 h 
before TGA. 
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Tensile Testing 
Tensile testing was performed using an Instron 5582 with a 5kN load cell. The 
samples were evaluated in accordance with ASTM D638 – 10, “Standard Test Method 
for Tensile Properties of Plastics”. A class B1 video extensometer was used. The width 
and thickness of each sample bar was measured in three places and an average value 
entered for calculations. The samples were inserted into wedge grips and tested with a 
specimen loading rate of 0.2 inches/minute. The sample runs were conducted at 23°C  ± 
2°C and 50%  ± 10% humidity with the temperature and humidity at the start of testing at 
22°C and 49%. A 60 mm field of view lens was used for the video extensometer. Five to 
six sample replicates were tested, and all data was analyzed using Bluehill II software. 
The modulus was calculated using the “automatic Young’s modulus” in Bluehill II. Some 
of the tensile samples had a curve or data point that appeared to be a statistical outlier. 
For these, a sixth replicate was performed. These samples are excluded from the averages 
and standard deviations for this sample set. All samples were conditioned before testing 
by placement in a convection oven at 140 °C for a minimum of 5 h to remove any 
moisture and then cooling to room temperature in a desiccation chamber before testing. 
Testing took place in a temperature (27 °C) and humidity (40–45%) controlled room. Ten 
specimens for each sample were tested, and the speed of testing was set at 2 in./min. 
Izod Impact Testing 
The Pendulum Impact Resistance (Izod) specimen preparation and testing were 
carried out in accordance with ASTM D256-10, “Standard Test Methods for Determining 
the Izod Pendulum Impact Resistance of Plastics” using Test Method A. Coupons were 
prepared via injection molding. The molded samples were machined to approximately 2.5 
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inches long by 0.5 inches wide. The Izod specimens were notched at 1.25 inches with a 
Tensilkut Impactkut 80-51 Model Notcher. The dimensions of the notch were a depth of 
0.1 inches and an angle of 45.0 degrees. The test specimens were then allowed to 
condition at 23°C ± 2°C and 50% ± 10% humidity for no less than 48 hours. The Izod 
Impact testing of the material was performed using a Tinius Olsen model 92T Izod 
Impact Tester. The testing was performed using the 1.017 lbf weight set, with a potential 
energy of 24 in-lbf. Ten to twelve specimens were tested and the data was used to 
calculate an average and standard deviation. All failures were complete breaks. 
Results and Discussion 
POSS Dispersion and Morphology 
 Previous reports have shown that the effectiveness of POSS as a rheology 
modifier and/or nucleating agent for thermoplastics is highly dependent on the level of 
dispersion of the nanoparticles. EDX elemental mapping coupled with SEM analysis 
demonstrates POSS dispersion and aggregation behavior as a function of concentration in 
the PPS and PEEK melt blends.  Figures 7.2 and 7.3 show representative 5X and 10X 
SEM micrographs and EDX Si overlap maps of cryo-fractured surfaces of PPS and 
PEEK blends, respectively.  The blue features in the Si maps indicate areas of high Si 
concentration, and thus the location of the POSS. Overall, greater dispersion and lower 
aggregation of the POSS molecules is observed in the PPS blends.  At 1% POSS loading 
in PPS, the fracture surface is smooth, and POSS is dispersed at the nanoscale (domains 
of <100 nm).  At higher POSS concentrations, surface roughening, voids, and spherical 
features of ~500 nm diameter attributed to POSS aggregates are observed.  In the PPS10 
blends the polymer matrix appears to be stretched around the spherical aggregates.  The 
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presence of voids on the fracture surface is characteristic of debonding between the 
matrix and filler during fracture.35 The extensive drawing of matrix ligaments between 
particles has been previously reported in particulate-filled semi-crystalline polymers such 
as nylon and high density polyethylene (HDPE), and is further indication of debonding 
between the fillers and the polymer matrix at high loadings.36,37 The trends observed in 
our system are similar to those reported by Zhou et al. and Kopesky et al., which showed 
molecular level dispersion of POSS additives at 1% loading and aggregation at 
concentrations higher than 1% in different thermoplastic systems.11,12 In our system, 
however, nano-scale dispersed phases and aggregates are present simultaneously in 
PPS/Tsp-POSS blends. Additionally, there have been few reports of the formation of 
uniform, spherical POSS aggregates similar to those observed in the PPS blends, and the 
previously reported  systems typically involve the covalent attachment of POSS 
molecules to the polymer chain.38,39,40 It has been suggested that the formation of 
spherical POSS particles (~500 nm – 1 μm) enhances the nanocomposite properties.41  
POSS aggregation is observed even at 1% loading in the PEEK blends, and the 
aggregates are larger and more prevalent at higher loadings.  Voids surrounding 
particulates and a roughened surface are present in the 3% POSS blend. In the 10% 
blend, “stretched” Tsp-POSS aggregates (>2µm) are present, which appear to have 
undergone pull-out during the fracture process. These features are substantially different 
from the sub-micron, spherical phase separated aggregates observed in PPS10. 
Additionally, Si maps reveal strong segregation and aggregation of the Tsp-POSS to the 
areas proximal to the voids, in contrast to the PPS10 blends, which showed nanoscale 
dispersion across the entire surface in addition to the POSS aggregates.  The increased 
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phase separation in PEEK is predicted by the reported solubility parameters, which 
suggest lower solubility of Tsp-POSS in PEEK than in PPS  (δPPS=4.5, δPEEK=9.8, 
δTspPOSS=1.2 (cal/cm3)1/2)42,43,34. Another factor may be the difference in processing 
temperatures (~360 °C for PEEK and 290 °C for PPS). PEEK has a higher crystallization 
temperature than PPS and solidifies at a faster rate. It is possible that when the PEEK 
matrix undergoes crystallization and solidifies, still molten Tsp-POSS may be trapped in 
phase-separated areas that ultimately form the debonded voids.  
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Figure 7.2. SEM images of cryo-fractured cross-sections of PPS nanocomposites. Top to 
bottom shows PPS1, PPS3, and PPS10. Left to right shows SEM image at 5X, 10X, and 
Si overlap of 10X image where blue features indicate location of POSS. PPS1 shows a 
smooth fracture surface and nanoscale POSS dispersion (domains of <100 nm).  Rougher 
surfaces are observed in PPS3 and PPS10 with spherical features of ~500 nm diameter 
attributed to POSS aggregates. 
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Figure 7.3. SEM images of cryo-fractured cross-sections of PEEK nanocomposites. Top 
to bottom shows PEEK1, PEEK3, and PEEK10. Left to right shows SEM image at 5X, 
10X, and Si overlap of 10X image where blue features indicate location of POSS. POSS 
aggregation is observed even in PEEK1, and the aggregates are larger and more prevalent 
at higher loadings.  Voids surrounding particulates and a roughened surface are present in 
PEEK3. In PEEK10, “stretched” Tsp-POSS aggregates (>2µm) are apparent, which 
appear to have undergone pull-out during the fracture process. 
 
Rheological Properties 
 Viscosity profiles as a function of frequency generated via parallel plate rheology 
experiments are shown in Figures 7.4 and 7.5 for PPS and PEEK blends respectively. 
Zero-shear viscosity (ηo) and power law index (n) values are reported in Table 7.3. While 
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reductions in viscosity are observed for both polymers, the overall impact is greater for 
the PPS blends, and the trends with POSS concentration differ. In the highly shear 
thinning PPS system addition of POSS dramatically decreases viscosity at low shear rates 
and reduces degree of shear thinning, as quantified by the increase in the power law 
index.  The 3% blend shows the greatest viscosity reduction over the entire shear regime.   
A plot of ηo as a function of POSS concentration (Figure 7.4b) shows a dramatic viscosity 
decrease with just 1% loading, a minimum at 3%, and relatively constant viscosity at 
higher concentrations. This trend was unexpected based on previous studies that report an 
increase in nanocomposite viscosity at POSS loadings higher than 5 wt.%.11-13 In PPS10, 
the nano-scale dispersed POSS phases surrounding the POSS aggregates allow for the 
low viscosity (induced by the highly dispersed POSS molecules) to be maintained. Shear 
thinning in crystalline polymers results from breaking apart of both the aligned chains in 
the crystalline domains and entanglements in the amorphous regions. Wu et al. reported a 
strong dilution effect  on the entanglement density of polystyrene-isobutyl copolymers 
when isobutyl POSS (iBuPOSS) was well dispersed.18 We suggest a similar phenomenon 
occurs in our system, where dispersed Tsp-POSS molecules decrease entanglement 
density in the PPS amorphous domains. This results in reduced zero shear viscosity, and 
lower levels of shear thinning.  
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Figure 7.4. Rheological properties of PPS/POSS nanocomposites. (A) log-log plot of 
dynamic viscosity (η*) vs. frequency (B) Zero-shear viscosity vs. POSS wt.%. The 
addition of POSS to PPS dramatically decreases viscosity at low shear rates and reduces 
degree of shear thinning. PPS3 blend shows the greatest viscosity reduction over the 
entire shear regime. 
 In the PEEK system, blends with low POSS concentrations exhibit moderate 
reductions in viscosity with shear profiles similar to that of the neat polymer, while the 
10% blend shows dramatic increases in ηo and shear thinning. Power law indices are 
similar for the neat, 1%, and 3% blends, and substantially lower for the more shear 
thinning 10 % blend. This behavior is attributed to POSS segregation to the surface of the 
melt in PEEK10, evidenced in tensile testing discussed later. As observed in the PPS 
blends, the 3% blend demonstrates the greatest viscosity reduction over the entire shear 
regime. The trend of ηo with POSS concentration (Figure 7.5b), illustrates the dramatic 
increase in viscosity at 10% loading, in contrast to the behavior observed in the PPS 
blends. We attribute this viscosity increase to the high level of aggregation and phase 
segregation in PEEK10, where POSS aggregates behave like phase-separated 
microfillers. In the PPS10, although micron size aggregates are observed, the high level 
of nanodispersed POSS allows overall reduction of the viscosity.  Thus the highly 
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dispersed POSS provides the “nanoparticle effect” described previously for other 
engineering thermoplastics.  
 
Figure 7.5. Rheological properties of PEEK/POSS nanocomposite. (A) log-log plot of 
dynamic viscosity (η*) vs. frequency (B) Zero-shear viscosity vs. POSS wt.%. PEEK3 
demonstrates the greatest viscosity reduction over the entire shear regime and a dramatic 
increase in viscosity is observed in PEEK10 attributed to significant POSS aggregation. 
 
Table 7.3 
Summary of power law index (n) and dynamic viscosity (η°) of POSS filled 
nanocomposites of PPS (at T=305°C) and PEEK (at T=365°C). 
 
Sample n ηo (Pa*s) 
Neat PPS 0.10 3.60E+06 
PPS1 0.63 1.06E+05 
PPS3 0.75 4.62E+04 
PPS10 0.82 3.61E+04 
Neat 
PEEK 0.61 3.57E+05 
PEEK1 0.69 1.64E+05 
PEEK3 0.58 1.42E+05 
PEEK10 0.37 3.16E+06 
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Kinetics of Isothermal Crystallization 
Isothermal crystallization kinetics were investigated using a DSC equipped with 
an LN2 quenching cell as outlined in the experimental section. Characteristic isothermal 
crystallization exotherms for PPS and PEEK blends are shown in Figure 7.6 a and b, 
respectively. Two crystallization peaks are observed in Figure 7.6a corresponding to the 
primary crystallization of the PPS chains (1st peak) and secondary crystallization of 
imperfect crystals (weak 2nd peak). The peak location shifts to lower times, sharpens, and 
narrows with the addition of POSS; evidence of accelerated crystallization of the PPS 
chains. In contrast, the addition of POSS to the PEEK matrix appears to have no 
significant effect on the isothermal crystallization exotherm (Figure 7.6b). 
 
Figure 7.6. Isothermal crystallization exotherms for (A) PPS samples heated to 290°C 
and quenched to 250°C and (B) PEEK samples heated to 350°C and quenched to 300°C. 
DSC profiles have been shifted vertically for clarity. In PPS the peak location shifts to 
lower times, sharpens, and narrows with the addition of POSS; evidence of accelerated 
crystallization. No significant difference is observed in the peak location or shape in 
PEEK samples. 
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In order to further elucidate the effect of Tsp-POSS on the isothermal 
crystallization kinetics of PPS and PEEK, the Avrami equation (Equation 7.1) was 
applied:44 
    (7.1) 
where Xt is the relative crystallinity, n is the Avrami constant which depends on the 
mechanism of nucleation and the crystal growth, t is the real time of crystallization, and k 
is the crystallization rate constant involving both nucleation and growth rate parameters. 
The relative crystallinity can be defined as a function of time in the following form: 
                   (7.2) 
where Hc is the crystallization enthalpy during the infinitesimal time interval dt and t is 
the time at the end of the crystallization. Using Equation 7.2, an Avrami plot (Xt vs. t) can 
be generated and used to determine the crystallization half-time (t0.5), defined as the time 
at which Xt of the sample reaches the value of 50%. The rate of crystallization is 
proportional to the reciprocal of t0.5 (τ0.5=1/t0.5, time-1) and is often used to compare 
crystallization rates of different systems. Finally, the remaining Avrami parameters (n 
and k) can then be calculated by twice taking the logarithm of Equation 7.2 (resulting in 
Equation 7.3) and plotting ln[-ln(1-Xt)] vs. lnt at a given crystallization temperature. 
                 (7.3) 
The slope of the line is equal to n and the intercept is lnk. The kinetic parameters and τ0.5 
derived from the experimental data are presented in Table 7.4 and the Avrami plots for 
each system are shown in Figure 7.7(a-b). In PPS the sigmoidal Avrami curves shift to 
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the left (Figure 7.7a) and the calculated τ0.5 and k increase with the addition of POSS. 
Similar trends have been reported by Durmus et al. and Joshi et al. where  molecularly 
dispersed POSS acted as an effective nucleating agent and enhanced the crystallization 
kinetics in different thermoplastic matrices. It has been shown that this phenomenon is 
highly dependent on the level of dispersion of the POSS molecules; therefore, the 
enhanced rate of crystallization observed in PPS nanocomposites (up to 10% POSS) 
further indicates the importance of the nano-scale POSS dispersed phases.  This finding is 
consistent with the SEM observations and the rheological performance of these blends.   
In contrast, little to no shift in the Avrami curves is observed with the addition of 
POSS to PEEK; however, a slight decrease in k was observed in PEEK10, indicative of 
slower crystallization of the polymer chains at higher POSS loadings. This result was 
unexpected since Xu and He reported that the Si-O bonds in silicate nucleating agents are 
highly compatible with C-O bonds in polymer backbones, which allow for effective 
nucleation during crystallization.45 This may be attributed to the large POSS aggregates 
(>2μm in size) that might impinge spherulite growth rather than promote nucleation. 
Another possible explanation is the extremely fast, high temperature crystallization of 
PEEK (320 °C for PEEK and 250 °C for PPS). It is possible that the PEEK matrix 
solidifies too quickly for the Tsp-POSS particles to act as effective nucleating agents. 
These results imply that the nucleating effect of Tsp-POSS in semi-crystalline polymers 
is dependent on the structure of the polymer matrix, the particle dispersion, as well as 
nanocomposite processing conditions.  
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Figure 7.7. Avrami curves of relative crystallinity (Xt) vs. time (t) curves for (A) 
PPS/POSS at 250°C and (B) PEEK/POSS at 300°C based on isothemal crystallization 
peaks in Figure 7.6. In PPS nanocomposites the sigmoidal Avrami curves shift to the left 
and the calculated τ0.5 and k increase with the addition of POSS. In contrast, little to no 
shift in the PEEK Avrami curves is observed. 
 
Table 7.4 
Summary of crystallization rates and Avrami kinetic parameters for PPS and PEEK 
nanocomposites. 
 
Sample t0.5 (s) τ0.5 (s-1) n k (s-1) (10-3) 
PPS 57.4 0.017 3.67 0.0001 
PPS1 56.2 0.018 3.06 0.002 
PPS3 45.4 0.022 2.02 0.373 
PPS10 30.0 0.033 1.37 6.53 
     
PEEK 21.6 0.046 1.49 5.97 
PEEK1 24.0 0.042 1.81 5.44 
PEEK3 26.6 0.038 1.62 4.21 
PEEK10 23.2 0.043 1.90 1.04 
 
Melting and Degradation Behavior 
 The effect of Tsp-POSS on the non-isothermal melting temperature and degree of 
crystallinity was determined using conventional DSC techniques (i.e. heat, cool, heat 
experiments). The DSC endotherms and measured melting temperatures (Tm) are shown 
in Figure 7.8(a-b) and Table 7.5, respectively.  The addition of POSS up to 10% does not 
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affect the melting transitions of PPS (280°C) or PEEK (340°C) blends and the measured 
degree of crystallinity remains relatively constant with the addition of POSS (Appendix, 
Table A2). Thus, while POSS enhances the crystallization rate in PPS, the inherent 
crystalline structure of the polymer is preserved, consistent with previous literature 
reports for POSS filled PP and HDPE. Additionally, the DSC curves do not show an 
endothermic peak at the Tsp-POSS melting temperature (208°C). Similar trends have 
been reported by Shiraldi et al. and Jones et al., and it is likely that the small Tsp-POSS 
crystallites (in comparison to the bulk polymer phase) are undetected within the 
sensitivity levels of the DSC measurements.  
 
Figure 7.8. Non-isothermal DSC melting curves for (A) PPS and (B) PEEK 
nanocomposites. DSC profiles have been shifted vertically for clarity. No apparent 
change in Tm or degree of crystallinity is observed with the addition of POSS to PPS or 
PEEK systems. 
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Table 7.5 
Melting and thermal degradation behavior of PPS/POSS and PEEK/POSS 
nanocomposites. 
 
Sample 
Tm 
 (°C) 
Degradation 
Onset 
(°C) 
Degradation 
End 
(°C) 
Residual 
Weight 
(%) 
Tsp-POSS 208 231 -- 42.0 
     
PPS 282 502 571 45.2 
PPS1 281 501 564 40.2 
PPS3 280 500 564 38.1 
PPS10 282 498 568 44.8 
     
PEEK 340 568 651 55.4 
PEEK1 340 569 650 54.4 
PEEK3 342 570 650 53.2 
PEEK10 340 575 650 51.6 
 
TGA degradation temperatures and residual char given in Table 7.5 reveal no 
statistically significant dependence (p=0.05) on Tsp-POSS loading, and TGA curves of 
each sample show a one-step degradation process (Appendix A33 – A32).  Tsp-POSS 
was previously reported to undergo a multi-step degradation, with an initial degradation 
step occurring at 231 °C.9 In the PPS and PEEK nanocomposites, however, the lower 
temperature losses associated with Tsp-POSS are not observed (most likely because of 
the low POSS concentrations), and there is no evidence that the POSS molecules 
accelerate the degradation of either resin system.  
Mechanical Properties 
 The tensile and impact properties of the nanocomposites as a function of POSS 
loading are presented in Figure 7.9 and summarized in Table A3 (Appendix). The neat, 1, 
and 3% blends show no statistical difference in tensile modulus, tensile strength, or 
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impact strength (p = 0.05).  At 10% loading the variation was dramatically higher for 
both systems, most likely due to the high level of micron-size aggregates in these blends. 
There is no statistical difference in the tensile modulus and strength averages (p = 0.05), 
but the high level of variation in these systems is undesirable.  A statistically significant 
(p = 0.05) effect is observed on the izod impact strength average for PEEK10.  This blend 
also shows a high level of variation, and the impact specimens revealed delamination, 
which can lead to inconsistent measurements. These findings are consistent with the 
rheological and morphological analyses.  The trends are similar to those we reported 
earlier for Tsp-POSS filled PPSU nanocomposites, which showed behavior consistent 
with that of traditional fillers at high POSS loadings (>5wt.%), whereas at lower 
concentrations (<5 wt %), the tensile properties of the composite systems were relatively 
maintained.9  
The complex fracture behavior that occurred during elongation provides valuable 
insight into the surface segregation behavior and interfacial adhesion in the 
nanocomposites investigated. The PPS nanocomposites exhibited necking until fracture 
for all compositions. However, in PEEK nanocomposites the skin of the test specimens 
fractured first; this was followed by a slight necking of the core region and then complete 
fracture. Selected photographs of the fractured tensile specimens of PPS10 and 
PEEK10are presented in Figure 7.9d. Strong delamination is observed between the skin 
and the core region in the PEEK10 samples. The occurrence of a surface fracture or 
crazing before a core fracture implies that the surfaces of the composite specimens are 
more brittle and enriched with POSS. The presence of delamination in PEEK10 and the 
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absence of delamination in the PPS10 indicate that Tsp-POSS is more dispersed in the 
PPS matrix than PEEK.  
 
Figure 7.9. (A) Tensile modulus (B) tensile strength and (C) impact strength of PPS (■) 
and PEEK (■) as a function of POSS loading. (D) Selected photographs of fractured 
tensile test specimens of 10% POSS filled PPS and PEEK. PEEK10 showed evidence of 
delamination at the fractured surface. 
 
Conclusions 
PPS nanocomposites demonstrated substantial viscosity reduction and accelerated 
crystallization with the addition of POSS. Rheology experiments revealed a dramatic 
decrease in PPS melt viscosity at 1% POSS loading with 3% blends showing the greatest 
viscosity reduction. Avrami analysis of the isothermal crystallization kinetics showed a 
decrease in t0.5 and increase in k with increasing POSS content indicative of a nucleation 
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effect of the molecularly dispersed nanoparticles. However, non-isothermal melting 
transitions measured by DSC showed no significant effect of POSS on the melting 
temperature or degree of crystallinity of PPS, signifying that the crystalline structure of 
the polymer is preserved. While dispersed POSS effectively reduced the melt-viscosity 
and enhanced the crystallization kinetics of PPS, no statistical difference in degradation 
temperature, tensile modulus, tensile strength, or impact strength was observed.  
The rheological behavior of PEEK nanocomposites revealed a decrease in 
viscosity at low POSS concentrations followed by a dramatic increase in viscosity at 
higher concentrations. This behavior is attributed to the significant POSS aggregation 
observed in SEM analysis of the PEEK blends, particularly at high loadings.  PEEK 
isothermal crystallization kinetics, melting transitions, and degradation showed no 
significant dependence on POSS loading, except for a slight decrease in the 
crystallization rate constant in the 10% blend, indicating that the highly aggregated POSS 
is not an effective nucleating agent. The higher processing temperature and faster 
crystallization rate of PEEK may also decrease the effectiveness of the Tsp-POSS in this 
matrix. Differences in average tensile modulus, tensile strength, and izod for the blends 
and the neat PEEK were not statistically significantly, but variation increased 
dramatically as a function of POSS concentration.  Phase separation and skin formation 
were also observed at high POSS loadings.  The differences in the trends observed in PPS 
and PEEK nanocomposites are ascribed to the differences in Tsp-POSS solubility and 
melting temperatures of the two resins.   
The performance improvement and non-toxicity of POSS makes it an attractive 
rheology modifier for medical and aerospace applications. Reducing the melt-viscosity of 
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PPS and PEEK improves processability and allows lower processing temperatures, which 
is expected to reduce temperature gradients and result in fewer defects in molded parts. 
Accelerated crystallization kinetics in PPS enables reduction in cycle times and less 
waste. The results presented here further demonstrate the versatile and highly adaptable 
nature of the hybrid organic-inorganic POSS structures to provide rheology enhancement 
and nucleation effects in a range of polymer systems. Additionally, these results show 
POSS enhanced performance even after undergoing high temperature processing 
conditions. However, this study also demonstrates that multiple factors, including the 
solubility parameters, melting temperature, loading level, processing conditions, and 
chemical structure of the components must be considered in predicting the 
nanocomposite performance.  
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CHAPTER VIII 
CONCLUDING REMARKS AND FUTURE DIRECTIONS 
Overall Conclusions 
Part I: Surface and Interfacial Modification and Characterization of Aromatic Sulfone 
Polymers 
 In this work, the environmental and structural parameters that govern surface and 
interfacial properties of sulfone polymers, with emphasis on PESU, were elucidated. New 
methods of achieving controlled sulfone polymer surfaces were developed. The main 
conclusions are summarized below: 
1. Chain end segregation to the polymer-air interface was demonstrated for solution 
cast films of fractionated PESU samples with different chain end identity. Chain 
end concentration depth profiles generated with XPS and NR revealed a 
molecular weight dependence that scaled as N-0.5, similar to the de Gennes 
theoretical model.  However, bulk chain end concentration was achieved at a 
depth on the order of the Rg, in contrast to the 2Rg dependence for flexible chain 
amorphous polymers demonstrated by previous researchers. These differences are 
attributed to the restricted mobility in the stiffer polymer system, which has a 
more limited length scale available for chain end segregation. The measured 
length scale was independent of chain end identity. 
2. The type of chain end determined the nano- and macro-scale surface properties 
such as roughness, nanoscale friction coefficient, adhesion, modulus, wettability, 
and surface energy. Surface segregation of a functionalized polymer component 
(thermodynamic process) has significant advantages over other methods of 
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surface modification, and should provide inherently more robust surfaces than 
those created by kinetic processes.  
3. We have demonstrated the facile modification of a commercially available PESU 
system with semi-fluorinated POSS precursors to yield nanostructured surfaces 
with enhanced interfacial properties. XPS and NR analysis showed a high surface 
concentration of fluorine in FP-PESU attributed to significant surface segregation 
of PFCP-POSS to the polymer-air interface. Surface segregation of PFCP-POSS 
molecules demonstrates significant effects on nano, micro, and macro-scale 
surface properties while covalent attachment to PESU chains suppresses POSS 
aggregation. In summary, this work presents a non-toxic, simple modification of a 
commercial PESU system to enhance surface properties and further PESU 
applications in coatings, membranes, and high performing composites. 
4. We have demonstrated that small changes in chemical structure, chain rigidity, 
and dispersity can have a significant effect on solution conformation and rheology 
of sulfone polymer systems. Solution processability and molecular weight 
distribution of PSU, PESU, and PPSU fractions revealed a dependence on chain 
rigidity and polymer structure. PESU showed the highest energy barrier for the 
movement of an element of the fluid attributed to a greater extent of 
entanglements. PPSU solutions demonstrated the highest ΔS and chain rigidity.   
5. The solution properties and chemical structure of the polymers determined the 
surface nano- and macro-scale properties of the PSU, PESU, and PPSU solution 
cast films. Surface roughness was dictated by chain entanglements in solution and 
surface crystallization during solvent evaporation. AFM analysis showed raised, 
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crystalline like features on fractionated PPSU surfaces that were not detected on 
film surfaces prepared from unfractionated solutions. This interesting finding 
could potentially provide an avenue to tailor the surface structure of PPSU films 
and further applications in membranes, coatings, and medical devices.    
Part II: Nanophase Manipulation in High Performing Thermoplastic Elastomers and 
POSS Nanocomposites 
Part II consisted of two research projects. In the first, the phase behavior of (PS-
PIB)2-s-PAA miktoarm star terpolymers with varying volume fractions of PAA was 
investigated. In the second, the effect of incorporation of trisilanolphenyl-POSS 
molecules in PPS and PEEK on rheology, crystallization kinetics, and thermal and 
mechanical properties was evaluated. The main conclusions are summarized below: 
1. The microdomains of (PS-PIB)2-s-PAA demonstrate a unique and unexpected 
progression from highly ordered cylinders, to lower ordered spheres, to gyroid 
structures with increasing PAA content from 6.6 to 47 wt.%. Interestingly, the 
phase behavior in the miktoarm star polymer system is significantly different 
from that reported previously for the linear counterpart of similar composition 
(PAA-PS-PIB-PS-PAA), where a steady progression from cylindrical to 
lamellar morphology was observed with increasing PAA content. At low PAA 
concentrations, the morphology is driven primarily by the relative solubility of 
the components, while at high PAA content the molecular architecture 
dominates.  Thermal annealing demonstrated the thermodynamic stability of 
the morphologies, indicating the potential for design of novel microstructures 
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for specific applications through precise control of architecture, composition, 
and interaction parameters of the components. 
2. A reduction in the viscosity of PPS and PEEK with the addition of POSS was 
observed and the magnitude and concentration dependence of rheological 
modification were shown to depend on the polymer structure and POSS 
solubility. The addition of POSS accelerated the crystallization rate of PPS 
blends with no significant effect on PEEK blends. Interestingly, no statistical 
difference in degradation temperature, tensile modulus, or tensile strength of 
PPS or PEEK blends was observed. The findings indicate the potential for 
improvements in melt viscosity and crystallization of high temperature 
thermoplastics with tailored POSS/polymer interactions. 
Future Directions 
 This work demonstrated the potential to utilize chain end chemistry to tailor 
surface and interfacial properties of sulfone polymer films. It was found that the thickness 
of the concentration gradient scaled with the radius of gyration (Rg) of the polymer 
chains. However, the type of chain ends investigated in this research was limited to 
chemistry that provided contrast to the polymer backbone and could be easily detected by 
surface specific analysis techniques such as XPS and NR. It is recommended that future 
studies explore the effectiveness of various chain end chemistries that can potentially 
enhance specific surface properties such as solvent resistance and super hydrophobicity.  
 It was found that grafting PESU chain ends to an octa-functional semi-fluorinated 
POSS core (FP-PESU) dramatically enhanced the surface modulus and hydrophobicity 
through the formation of nanostructured surfaces. However, the grafting reaction yielded 
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a distribution of FP-PESU molecules consisting of single FP-PESU branched structures 
and multimers formed from reaction of both PESU chain ends with separate POSS 
molecules. Future studies should explore the structure, polymer dimensions, and surface 
properties of PESU systems end-capped with mono-functional semi-fluorinated POSS 
(FPOSS) molecules. It is predicted that reaction with mono-functional FPOSS 
compounds will yield better size control and that the FPOSS chain ends in will 
demonstrate preferential migration to the air-interface and enhance PESU surface 
properties. 
 Lastly, fractionated PPSU solution cast films demonstrated interesting surface 
morphology and phase behavior resembling that of crystalline-like features. Interestingly, 
the PPSU films were highly transparent and no Bragg peaks were detected in WAXD 
analysis indicating an amorphous system. It is recommended that future studies further 
investigate the origin of the surface localized crystalline features in PPSU films. Grazing 
incidence small angle X-ray scattering (GISAXS) is a powerful tool for analyzing surface 
crystallinity of polymer systems. Additionally, newer GISAXS instruments available at 
national laboratories such as Argonne have the ability to depth profile the crystalline 
structure from the air interface into the bulk of the film. It is recommended that a user 
proposal be submitted to Argonne National Labs to utilize the GISAXS beam line for 
analysis of PPSU films.  
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APPENDIX 
CHAPTER II UPPLEMENTARY TABLES AND FIGURES 
 
 
Figure A1. Representative Zimm plot of PESU F1 (Mw = 63,600 g/mol, Rg = 30.1 nm). 
 
Figure A2. 13C-NMR spectra of (top) small molecule FITC (middle) pristine PESU and 
(bottom) FITC functionalized PESU in d-DMF. 
FITC 
PESU 
FITC-PESU 
 225 
 
 
Figure A3. SEM image of surface after four 30 second etch cycles. 
 
   
Figure A4. Zeiss LSM 710 confocal scanning laser microscope fluorescent images of 
depth profile of PESU films with FITC chain-ends, (left) FITC labeled PESU film (right) 
multi-colored heat map thickness of each scan. 
 
 
 
 
 
 
 
 
Etched 
Unetched 
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CHAPTER III SUPPLEMENTARY TABLES AND FIGURES 
 
 
Figure A5. Plot of Mw and Mn as a function of HDP loading (mol%). 
 
 
 
Figure A6. Zimm plot of HDP-PESU1, Mw = 41,800 g/mol, Rg = 16.5 nm. 
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Figure A7. Zimm plot for HDP-PESU2, Mw = 24,100 g/mol, Rg = 13.5 nm. 
 
 
Figure A8. Zimm plot for HDP-PEUS3, Mw = 11,000 g/mol, Rg = 5.5 nm. 
 
Figure A9. Zimm plot of TNCO-PESU, Mw = 47,200 g/mol, Rg = 16.3 nm. 
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Figure A10. 1H-NMR spectra of (A) TNCO end-capped PESU (B) –OH end-capped 
PESU and (C) b-SO2 end-capped PESU. 
 
CHAPTER IVSUPPLEMENTARY TABLES AND FIGURES 
 
 
Figure A11. 1H-NMR and peak assignments of intermediate 1. 
(A) 
(B) 
(C) 
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Figure A12. 1H-NMR and peak assignments of 2. 
 
 
Figure A13. 13C-NMR and peak assignments of intermediate 1. 
 
 
 
Figure A14. 13C-NMR and peak assignments of 2. 
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Figure A15. 19F-NMR and peak assignments of intermediate 1. 
 
 
Figure A16. 19F-NMR and peak assignments of 2. 
 
 
Figure A17. 19F-NMR and peak assignments of FP-PESU. 
 
 
a C 
a   C 
  
 231 
 
 
Figure A18. GPC chromatogram of FP-PESU (Mw = 200,100 g/mol) and Neat PESU (Mw 
= 30,100 g/mol) based on refractive index. 
 
 
Figure A19. Images of solution cast films of neat PESU and FP-PESU films. 
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Figure A20. WAXD profiles of neat PESU and FP-PESU films. 
 
CHAPTER V SUPPLEMENTARY TABLES AND FIGURES 
 
 
Figure A21. WAXD spectra for (▬) 0.19 g/mL PPSU/NMP solutions and (▬) PPSU 
solution cast film.  
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CHAPTER VI SUPPLEMENTARY TABLES AND FIGURES 
 
 
Figure A22. SAXS profile and PeakFit® Analysis curve for PAA6.6. 
 
Figure A23. SAXS profile and PeakFit®Analysis curve for PAA20. 
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Figure A24. SAXS profile and PeakFit® Analysis curve for PAA26. 
  
Figure A25. TEM images of PAA6.6 reannealed at 110 °C for 24 h. 
  
Figure A26. TEM images of PAA20 reannealed at 110 °C for 24 h. 
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Figure A27. TEM images of PAA26 reannealed at 110 °C for 24 h. 
  
Figure A28. TEM images of PAA40 reannealed at 110 °C for 24 h. 
  
Figure A29. TEM images of PAA47 reannealed at 110 °C for 24 h. 
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Figure A30. QNM (A-B) height and modulus images at 2.2 x 2.2 µm and (C-D) at 1 x 1 
µm scans of PAA47. 
 
 
Figure A31. TGA curves for PIB, PAA (2,000 g/mol) , and PS (200,000 g/mol) 
homopolymers. 
 
Table A1 
Thermal transitions occurring in the miktoarm star polymers as measured by TGA. 
Sample % H2O  Td1 (°C) Td2 (°C) 
PAA6.6 0.21 -- 370.8 
PAA20 0.24 -- 371.8 
PAA26 1.32 251.7 371.6 
PAA40 2.35 251.5 371.1 
PAA47 8.32 235.1 372.7 
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CHAPTER VII SUPPLEMENTARY TABLES AND FIGURES 
 
 
Figure A32. TGA profiles for PPS/POSS nanocomposites. 
 
Figure A33. TGA profiles for PEEK/POSS nanocomposites. 
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Table A2 
 
Non-isothermal melting temperature and degree of crystallinity. 
 
Sample Tm (°C) ΔHm (J/g) Xc (%)
a 
Neat PPS 282 37.7 25.1 
PP1 281 36.5 24.5 
PPS3 280 32.6 24.0 
PPS10 281 34.4 25.4 
Neat PEEK 340 35.5 28.9 
PEEK1 340 36.7 30.2 
PEEK3 342 32.1 27.0 
PEEK10 340 30.4 27.6 
 
aDegree of crystallinity calculated using ΔHmo of 150.4 J/g for PPS and 122.5 J/g of PEEK (based on 100% crystalline 
materials) 
 
Table A3 
 
PPS/POSS and PEEK/POSS nanocomposite mechanical properties. 
 
Sample POSS (%) 
Impact 
Strength 
(J/m) 
Tensile 
Strength 
(MPa) 
Tensile 
Modulus 
(GPa) 
PPS 0.0 29.0 (4.9) 80.1 (0.6) 3.7 (0.1) 
PPS 1.0 28.3 (2.7) 78.6 (3.4) 3.6 (0.1) 
PPS 3.0 29.6 (3.5) 78.9 (5.9) 3.6 (0.2) 
PPS 10.0 23.7 (4.3) 64.5 (9.7) 3.3 (0.2) 
     
PEEK 0.0 87.2 (7.5) 85.7 (0.6) 3.6 (0.1) 
PEEK 1.0 99.5 (12.7) 85.4 (0.5) 3.5 (0.2) 
PEEK 3.0 120.0 (15.3) 81.3 (0.4) 3.6 (0.2) 
PEEK 10.0 237.7 (58.3) 93.2 (5.4) 3.4 (0.02) 
 
 
 
 
